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SECTION 1 
I NTRODUCT I ON 

A spacecraf t  located in the v i c in i ty  of the  ear th  receives radiant  
energy from two major sources, the sun a n d  t he  ear th .  Therefore,  i f  the  
environment t o  be experienced by the spacecraf t  i s  t o  be t r u l y  simulated 
in a space environment simulation f a c i l i t y ,  i t  i s  necessary t o  provide 
radiant  f lux  t o  the t a rge t  volume of the simulator which has the same 
in t ens i ty ,  spectrum, a n d  d i s t r ibu t ion  as t h a t  which occurs i n  space. 
Accordingly, the purposes of th i s  study were t o  determine the re la t ionships  
between the components of the radiant f lux  experienced by the spacecraf t ,  
determine the cha rac t e r i s t i c s  o f  the  radiant  f l u x  re f lec ted  and/or emitted 
by the e a r t h ,  and  t o  define a technique whereby the radiant f lux  emanating 
from the ear th  can be simulated in  the Space Environment Simulator a t  NASA 
Goddard Space Fl ight  Center. 

This report  was prepared by Roger R .  Hughes, Senior Phys ic i s t ,  
Messinger Consultants Company. Mr. Walter Wallin, President ,  Wallin 
Optical Systems, Inc . ,  9186 Independence Avenue, Chatsworth, Cal i forn ia ,  
91311, was the  Senior Optical Design Consultant for t h i s  study a n d  con t r i -  
buted t o  the technical content o f  t h i s  repor t .  

This study described herein was conducted between January 11, 1965, 
and August 10, 1965, by Messinger Consultants Company, 2360 Huntington Drive, 
San Marino, Cal i forn ia ,  91108, under Contract NAS 5-9785. 
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SECTION 2 
STATEMENT OF THE PROBLEM 

The study described herein consisted of three major areas of analysis .  
These areas were (1) an analysis of the charac te r i s t ics  of the radiant f lux 
which would be encountered by a spacecraft  in the v ic in i ty  of the ear th ;  
( 2 )  the definit ion of a method whereby the d is t r ibu t ion  of the radiant  f lux 
emanating from the earth could be reproduced within the t a rge t  volume of the 
Space Environment Simulator; and  (3 )  an estimate of w h a t  e f f ec t  various 
approximations introduced in to  the simulated environment would have upon the 
simulation f i d e l i t y .  Some of the spec i f ic  areas t o  be investigated a n d  
spec i f ic  tasks t o  be performed were as follows: 

1. Establish the important geometrical re la t ionships  which govern 
the irradiance experienced by a spacecraft  in the v i c in i ty  of 
the earth.  

2. Calculate the irradiance produced, on a t a rge t  surface element 
in the v ic in i ty  of the ea r th ,  by ( a )  radiant f lux emitted by 
the sun t o  the ta rge t  surface element, by ( b )  radiant  f lux 
emitted by the sun and  ref lected by the ear th  t o  the t a rge t  
surface element, and  by ( c )  radiant f lux emitted by the ear th  
t o  the target  surface element, as a function of the location a n d  
the orientation of the t a rge t  surface element. 

3. Calculate the to t a l  irradiance experienced by a t a rge t  surface 
element in the v ic in i ty  of the ear th  as a function of the 
location a n d  the or ientat ion of the t a rge t  surface element. 

4. Define a method whereby the various geometrical propert ies  of 
the r a d i a n t  f lux experienced by a spacecraft  in the v i c in i ty  of 
the earth can be reproduced within the t a rge t  volume of the 
Space Environment Simulator. 
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5. Determine the e r r o r  introduced by f a i l u r e  t o  simulate the con- 
tinuous f i e l d  subtended by the ear th  a t  the spacecraft .  

6. Determine the e r r o r  introduced by f a i l u r e  t o  simulate the 
variable i r rad ia t ion  of the ear th  by the sun. 

7. Determine the e r r o r  introduced by f a i l u r e  t o  reproduce the t o t a l  
f i e l d  subtended by the e a r t h  a t  the location whose environment 
i s  being simulated. 

8. Given the spectral  absorptivity of various materials used t o  
coat the ex ter ior  of a spacecraft ,  determine how the absorptance 
o f  each material will vary in space as a function of the loca- 
t i o n  and the orientation of the surface of the spacecraft .  

9 .  Given the spectral  absorpt ivi ty  of various materials used t o  
coat the ex ter ior  of a spacecraf t ,  estimate the absorptance 
e r r o r  introduced by mismatch between the t rue  spectrum a n d  the 
spectrum produced by the Planetary Radiation Environment 
S i m u l a t o r .  

3 



SECTION 3 
SUMMARY 

The bas 
of the Solar 
are  specif 
properties 
ea r th ,  and 
in d e t a i l .  
flux exper 

c assumpt 
Radi a t i  on 

ons and def ini t ions used t o  define the cha rac t e r i s t i c s  
Environment and the Planetary Radiation Environment 

ed. The properties of the radiant f lux emitted by the sun, the 
of the  radiant f lux emitted by the sun and ref lected by the 
the properties of the radiant f lux emitted by the ear th  are  defined 

enced by a spacecraft  in the v ic in i ty  of the ea r th ,  i s  established 
The re1 a t i  onshi p ,  between these three components of the r a d i a n t  

and the irradiance produced on a t a rge t  surface element by each component of 
the radiant f l ux ,  and  the to t a l  irradiance experienced by the ta rge t  surface 
element, i s  determined as a function of the location and  the or ientat ion of 
the ta rge t  surface element. The average radiant emittance of the e a r t h ' s  sur- 
face as seen from various posit ions in space, and the r a t i o  between the two 
spectral  components of the radiant f lux emanating from the ea r th ,  a re  deter-  
mined as a function o f  orbi ta l  a l t i t u d e  and posit ion.  

The concept whereby the P1 anetary Radiation Envi ronment can be simul ated 
i s  presented and  the basic re la t ionships ,  which must be s a t i s f i e d  i f  the 
Planetary Radiation Environment i s  t o  be simulated using t h i s  concept, a re  
established. I t  i s  shown t h a t  the radiant i n t ens i ty  of the f lux emanating 
from each module of the Planetary Radiation Environment Simulator must be 
proportional t o  the cosine o f  the angle between the axis  of the module and  the 
direct ion o f  emission. The relat ionship between ( a )  the density of modules 
on the a r r ay  reference surface,  ( b )  the axial i n t ens i ty  of the radiant  f lux  
emanating from each module, and .  ( c )  the average radiant emittance seen a t  the 
e a r t h ' s  surface from the orb i ta l  position f o r  which the environment i s  t o  be 
simulated, i s  defined. 
surface i s  arbi t rary so long as a uniform module density can be achieved on 
the surface and  so long as the boundary of the array reference surface does 
not  l i e  within t h e  f i e l d  subtended by the simulated planet a t  any posit ion in 
the t a rge t  volume. 

I t  i s  shown t h a t  the shape of the a r r a y  reference 

The design of a module f o r  the Planetary Radiation Environment Simulator 

4 



i s  discussed and several design concepts a re  presented. 
metrical re la t ionships  which the radiant  f lux  emanating from each module 
must s a t i s f y  a re  defined and the various parameters which must be varied 
in order t o  simulate any given o r b i t  a re  determined. 

The various geo- 

I t  i s  shown t h a t  the  l imitat ions on simulation f i d e l i t y  a re  primarily 
Because of t h i s  f a c t ,  i t  i s  des i rab le  economic r a the r  than technological. 

t h a t  the  e f f e c t  of ce r t a in  kinds of e r ro r s  be determined s ince  the  el imi-  
nation of these e r ro r s  will  considerably increase the cos t  of the Planetary 
Radiation Environment Simulator. Specif ic  e r ro r s  t rea ted  include ( a )  the 
e r r o r  introduced by f a i l u r e  t o  simulate the var iable  i r r ad ia t ion  of the 

ear th  by the sun, ( b )  the e r ror  introduced by f a i l u r e  t o  simulate the 
smoothly continuous f i e l d  subtended by the e a r t h ,  ( c )  the  e r ro r  introduced 
by f a i l u r e  t o  simulate the f i e ld  subtended by the ear th  a t  the  posit ion 
where the environment i s  being simulated and  ( d )  the  e r ro r  introduced by 
f a i l u r e  of the modules t o  produce radiant  f l ux  with the cor rec t  spectrum. 
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SECTION 4 

TECHNICAL D I S C U S S I O N  

CHARACTERISTICS OF THE SOLAR R A D I A T I O N  ENVIRONMENT 

AND THE PLANETARY R A D I A T I O N  ENVIRONMENT 

D e f i n i t i o n s  and Bas ic  Assumptions 

Env 

t h e  

r a d  

Env 

t h e  

Throughout t h e  f o l l o w i n g  d i s c u s s i o n ,  t h e  te rm " S o l a r  R a d i a t i o n  

ronment'l r e f e r s  t o  t h a t  r e g i o n  o f  space w i t h i n  which t h e  d e n s i t y  of 

r a d i a n t  f l u x  e m i t t e d  by t h e  sun i s  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  t o t a l  

a n t  f l u x  d e n s i t y .  I n  a l i k e  manner, t he  te rm " P l a n e t a r y  R a d i a t i o n  

ronment" r e f e r s  t o  t h a t  r e g i o n  o f  space w i t h i n  which t h e  d e n s i t y  of 

r a d i a n t  f l u x  emanating f rom a p l a n e t  i s  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  

t o t a l  r a d i a n t  f l u x  d e n s i t y .  Thus, t h e  e a r t h  i s  l o c a t e d  i n  t h e  S o l a r  Radia- 

t i o n  Environment, b u t  t h e  sun i s  - n o t  l o c a t e d  w i t h i n  t h e  P l a n e t a r y  R a d i a t i o n  

Environment o f  the e a r t h .  

A spacec ra f t  l o c a t e d  i n  t h e  v i c i n i t y  o f  a p l a n e t  l i e s  w i t h i n  b o t h  t h e  

S o l a r  R a d i a t i o n  Environment and t h e  P l a n e t a r y  R a d i a t i o n  Environment s i n c e  

i t  rece ives  r a d i a n t  f l u x  f rom two ma jo r  sources :  t h e  sun and t h e  p l a n e t .  

The r e s u l t i n g  i r r a d i a n c e  d i s t r i b u t i o n  exper ienced by  a spacec ra f t  o v e r  i t s  

s u r f a c e  i s  a f u n c t i o n  o f  (1) t h e  r a d i a t i v e  c h a r a c t e r i s t i c s  o f  t h e  sun and 

the  p l a n e t ;  ( 2 )  the r e l a t i v e  s i z e  and l o c a t i o n  o f  t h e  sun, t h e  p l a n e t ,  and 

t h e  spacecra f t ;  and ( 3 )  t h e  o r i e n t a t i o n  o f  t h e  s p a c e c r a f t  w i t h  r e s p e c t  t o  

t h e  d i r e c t i o n s  t o  t h e  sun and t o  t h e  p l a n e t .  Because o f  t h e  smal l  s i z e  of 

t h e  t a r g e t  volume ( t h a t  volume which c o n t a i n s  t h e  s p a c e c r a f t )  w i t h  r e s p e c t  

t o  t h e  d i s t a n c e  t o  t h e  p l a n e t  (and t o  t h e  sun) ,  t h e  f i e l d  subtended by t h e  

p l a n e t  (and t h a t  subtended by t h e  sun) ,  as seen f rom any p o s i t i o n  w i t h i n  

t h e  t a r g e t  volume, i s  v i r t u a l l y  c o n s t a n t  and symmetr ic  about  t h e  same 
d i r e c t i o n .  

(and t h e  d e n s i t y  of  t h e  r a d i a n t  f l u x  e m i t t e d  by t h e  sun) i s  e s s e n t i a l l y  
u n i f o r m  throughout  t h e  t a r g e t  volume. 

Thus, t h e  d e n s i t y  o f  t h e  r a d i a n t  f l u x  emanating f rom t h e  p l a n e t  
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To i l l u s t r a t e  the degree t o  which the radiant f l u x  density i s  uniform, 
consider a &foot diameter target  volume located 100 miles from the 
surface of an 8000-mi l e  diameter spherical p l  ariet. The i rradi ance , pro-  
duced on surface elements oriented normal t o  the direct ion t o  the center 
of the planet by radiant f lux emanating from various points on the p l a n e t ' s  
surface,  varies within the t a r g e t  volume from 0.01515% f o r  the flux 
emanating from the closest  p o i n t  on the surface of the planet ( a  distance 
of 100 miles) t o  0.00037% f o r  flux emanating from the f a r t h e s t  point t h a t  
can be seen on the p lane t ' s  surface ( a  distance of 900 mi les ) .  
surface of the planet were of uniform radiance, the variation in the i r r a -  
diance produced on the surface elements by r a d i a n t  f lux emanating from the 
e n t i r e  planet i s  0.00037% (see Appendix 11, equation 11-8). 
distance from the spacecraft  t o  the sun i s  much greater  t h a n  the distance 
from the spacecraft  t o  the planet,  the density of the radiant f lux emitted 
by the sun would be even more uniform t h a n  t h a t  of the radiant f lux emana- 
t ing  from the planet.  

If  the 

Because the 

In order t o  characterize t h e  Solar  Radiation Environment and  the 
Planetary Radiation Environment i n  the v ic in i ty  of the e a r t h ,  i t  was 
necessary t o  es tab l i sh  the geometrical and spectral  charac te r i s t ics  of the 
radiant  f lux emitted by the sun and emanating from the ear th .  
c h a r a c t e r i s t i c s  were established on the basis of the following considera- 

These 

t i  ons : 

1. 

2.  

I t  was assumed t h a t  t h e  densi ty ,  of b o t h  the radiant f lux 
emitted by the sun and the  radiant f lux emanating from the 
e a r t h ,  i s  uniform t h r o u g h o u t  any s i z e  ta rge t  volume ( t h a t  
volume which contains the spacecraf t )  f o r  which simulation 
of the Solar Radiation Environment a n d  the Planetary 
Radiation Environment i s  feas ib le .  

The sun was assumed t o  be a spherical Lambertian radiator  
whose diameter i s  864,100 miles a n d  which i s  located 
92,907,000 miles from the ear th .  
of 0°32 '  a t  the mean ear th-sun  distance and  was assumed 

(The sun subtends an angle 
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t o  be of uniform radiance for  a l l  wavelengths.) 
basis of t h i s  assumption, the geometrical and spectral  
character is t ics  of the radiant f lux emitted by the sun 
are  mutually independent. The spectrum of the sun was 
represented according t o  d a t a  obtained from the Handbook 
of Geophysics, U. S.  Air Force Research Directorate,  
MacMi 11 a n ,  1960 , Tab1 e 16-8 , "Spectral I rradi ance 
Normal t o  the Sun's Rays Outside the Atmosphere," page 

On the 

16-16. 

3. The earth was assumed t o  be spherical and t o  have a 
radius of 3958.89 miles. (This i s  the radius of a 
sphere which has the same volume as the ea r th . )  

4. I t  was assumed t h a t  the earth i s  in a s t a t e  of thermal 
equilibrium. Thus, the radiant f lux Fs which the 

ear th  receives from the sun must equal the sum of the 
radiant f lux Fa ref lected by the ear th  and the 

radiant f lux Fe absorbed and re-emitted by the ea r th .  
Tha t  i s  

Fs = Fa + Fe 

Defining R as the radius o f  the ea r th ,  A as the 
average albedo of the ear th ,  W as the average 
radiant emittance of the ea r th ,  and  E as the so l a r  

constant (see Appendix I fo r  the def in i t ions  of 
a1 bedo, radiant emi t tance , a n d  the so l a r  constant)  
then 

F = 71 R 2  Es 
0 

S 

Fa = A Fs 

8 

(4 -2)  

(4-3)  



Fe = 4 7~ R2 W (4-4)  

Sol  vi n g  these four expressions simul taneously t o  e l  imi - 
nate Fs , Fa , and Fe , yie lds  the following expression 

f o r  the average radiant  emittance of the ea r th .  

(1  - A )  ES 
0 

4 W =  

Taking the average albedo A of the ear th  as 35% and 
the s o l a r  constant E as 130 watts-per-square-foot 

( d a t a  supplied by Goddard Space Flight Center) , the  
average radiant  emittance W of the ear th  i s  21.125 
watts -per -square -foot . 

5. I t  was assumed t h a t  the albedo of an element of area on 
the e a r t h ' s  surface i s  independent of d i rec t ion  with 
respect t o  the surface normal; i . e .  , each surface e l e -  
ment was assumed t o  be a Lambertian r e f l e c t o r  ( see  
Appendix I ) . 

6. I t  was assumed t h a t  the emissivity of an element of 
area on the e a r t h ' s  surface i s  independent of d i rec t ion  
with respect t o  the surface normal; i . e . ,  each surface 
elei i iznt  was a s s ~ ~ ~ c !  t n  be a Lambertian rad ia tor  ( see  
Appendix I ) .  

7 .  I t  was assumed t h a t  local var ia t ions  in the albedo 
a n d  emissivi ty  o f  the e a r t h ' s  sur face ,  due t o  geo- 
graphical fac tors  ( e . g . ,  l a n d ,  sea ,  clouds) and/or 
due t o  seasonal a n d  diurnal temperature va r i a t ions ,  
can be ignored f o r  the purpose of t h i s  ana lys i s ,  s ince 
such var ia t ions  are  rapid a n d  random with respect t o  
the mean values. 

(4-5) 
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8 .  Due t o  t h e  l a c k  o f  da ta  concern ing  t h e  spectrum o f  t h e  

r a d i a n t  f l u x  r e f l e c t e d  by t h e  e a r t h  and t h e  spectrum o f  

t h e  r a d i a n t  f l u x  e m i t t e d  by t h e  e a r t h ,  i t  was assumed 

( a f t e r  c o n f e r r i n g  w i t h  Goddard Space F l i g h t  Center )  t h a t  

( a )  the spectrum o f  t h e  r e f l e c t e d  r a d i a n t  f l u x  i s  
i d e n t i c a l  t o  t h e  s o l a r  spectrum and ( b )  t h e  spectrum 

o f  t he  t h e r m a l l y  e m i t t e d  r a d i a n t  f l u x  i s  i d e n t i c a l l y  

t h a t  o f  a 250°K blackbody.  (A l though  t h i s  assumption 

i s  ques t ionab le ,  any e r r o r  thus  i n t r o d u c e d  w i l l  a f f e c t  

o n l y  the  va lues c a l c u l a t e d  f o r  t h e  absorptance o f  

va r ious  m a t e r i a l s  as a f u n c t i o n  o f  t h e  l o c a t i o n  i n  t h e  

P l a n e t a r y  R a d i a t i o n  Environment. These va lues  were 

used o n l y  t o  e s t i m a t e  t h e  e r r o r  i n t r o d u c e d  by mismatch 

between t h e  t r u e  and t h e  s imu la ted  spect rums.)  

On t h e  bas is  o f  t h e  above c o n s i d e r a t i o n s ,  i t  was p o s s i b l e  t o  c a l c u l a t e  

t h e  i r r a d i a n c e  produced, on a t a r g e t  s u r f a c e  element, by r a d i a n t  f l u x  

e m i t t e d  by t h e  sun, by r a d i a n t  f l u x  absorbed and r e - e m i t t e d  by t h e  e a r t h  

and by r a d i a n t  f l u x  r e f l e c t e d  f rom t h e  e a r t h .  These t h r e e  components of 

t h e  t o t a l  i r r a d i a n c e  exper ienced by a t a r g e t  s u r f a c e  element were c a l c u -  

l a t e d  i n  terms o f  t h e  geomet r i ca l  r e l a t i o n s h i p s  i l l u s t r a t e d  i n  f i g u r e  4 -1  

( u s i n g  t h e  computer programs SPACE and ORBVAR, see Appendix I V )  and a r e  

d iscussed below. 

I r r a d i a n c e  Due t o  Radiant  F l u x  Emi t ted  by t h e  Sun 

If t h e  sun i s  assumed t o  be a s p h e r i c a l  Lamber t ian  r a d i a t o r ,  t h e n  t h e  

equat ions  govern ing t h e  i r r a d i a n c e  produced on a t a r g e t  s u r f a c e  e lement  by 

r a d i a n t  f l u x  e m i t t e d  by t h e  sun can be s p e c i f i e d ,  i n  terms o f  t h e  para-  
meters of f i g u r e  4-1,  by making pa ramet r i c  s u b s t i t u t i o n s  i n t o  t h e  equa t ions  
of Appendix 11. 

as equat ions  ( IV -1 )  th rough ( I V - 1 1 ) .  

sur face  element i n  t h e  v i c i n i t y  o f  t h e  e a r t h  due t o  r a d i a n t  f l u x  e m i t t e d  by 

t h e  sun, i s  p l o t t e d  as a f u n c t i o n  o f  Y i n  f i g u r e  4-2 .  

The equa t ions  thus  de termined a r e  l i s t e d ,  i n  Appendix I V ,  

The i r r a d i a n c e  E S  , on a t a r g e t  
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Figure 4-2. E, (watts-per-square-foot) versus \Y 
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Irradiance due t o  Radiant Flux Thermally Emitted by the Earth 

I f  the ear th  i s  assumed t o  be a spherical  Lambertian rad ia tor  o f  

uniform radiance,  then the equations governing the i r radiance E e  pro- 

duced on a t a rge t  surface element by radiant  f lux absorbed a n d  re-emitted 
by the  ear th  can a l so  be determined in terms of the parameters of f igure  
4-1, by making parametric subs t i tu t ions  i n t o  the equations of Appendix 11. 
The equations thus defined are  l i s t e d ,  in Appendix IV, as equations 
( I V - 1 2 )  t h r o u g h  (IV-21). 

The i r radiance E e  , on a t a rge t  surface element which i s  oriented so 
0 

t h a t  i t s  normal i i s  in the  direct ion toward the center  of the ear th  
( a  = 0 )  , was calculated as a function of o rb i t a l  a l t i t u d e  h using the 
computer program O R B V A R  and  i s  p 

was normal i zed i r radi  ance - 

a between the normal t o  the 

Ee 
Ee 

0 

otted versus h in f igure  4-3. The 

calculated,  as a function of the angle 

t a rge t  surface element and  d i rec t ion  
t o  the  center  of the e a r t h ,  using the computer program SPACE a n d  i s  plot ted 
versus a in f igure  4-4 for  orb i ta l  a l t i t u d e s  of 200, 300, 400, 500, 600, 
a n d  700 miles.  

I r radiance Due t o  Radiant Flux Reflected from the Ear th  

I f  the ear th  i s  assumed t o  be a spherical  Lambertian r e f l ec to r  of 
uniform albedo, then tne equdiioils govern ing  t h e  i r r a d i a n c e  E a  produced 

on a t a rge t  surface element by radiant f l u x  re f lec ted  from the  ear th  can 
be determined, in terms of the parameters of f igure  4-1 ,  by making para- 
metr ic  subs t i tu t ions  in to  the equations U T  r lppefi i l ix I I I .  The equa t inns  

thus defined a re  l i s t e d ,  in A p p e n d i x  I V Y  as equations ( I V - 2 2 )  t h r o u g h  
(IV-50). 

, on a t a rge t  surface element which i s  oriented 
0 

E a  The i rradi ance 

so t h a t  i t s  normal i? i s  in the d i rec t ion  toward  the center  o f  the ear th  
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(a = 0 ) ,  was c a l c u l a t e d  as a f u n c t i o n  o f  t h e  ang le  

e a r t h  between the  d i r e c t i o n s  t o  t h e  sun and t o  t h e  t a r g e t  s u r f a c e  element,  

u s i n g  t h e  computer program ORBVAR, and i s  p l o t t e d  versus y i n  f i g u r e  4-5 

f o r  o r b i t a l  a l t i t u d e s  f rom 100 t o  1000 m i l e s  i n  100-mi le  increments.  

y a t  t h e  c e n t e r  o f  t h e  

T o t a l  I r r a d i a n c e  Produced bv Rad ian t  F l u x  Emanatins f rom t h e  E a r t h  

The t o t a l  i r r a d i a n c e  E + Ea produced, by t h e  r a d i a n t  f l u x  r e f l e c t e d  
0 

and/or e m i t t e d  by t h e  e a r t h ,  on a t a r g e t  s u r f a c e  element which i s  o r i e n t e d  

so  t h a t  i t s  normal fi i s  i n  t h e  d i r e c t i o n  toward t h e  c e n t e r  o f  t h e  e a r t h ,  

was c a l c u l a t e d  as a f u n c t i o n  o f  t h e  ang le  y a t  t h e  c e n t e r  o f  t h e  e a r t h  

between t h e  d i r e c t i o n s  t o  t h e  sun and t o  t h e  t a r g e t  s u r f a c e  element,  u s i n g  

the  computer program ORBVAR, and i s  p l o t t e d  versus y i n  f i g u r e  4-6 f o r  

o r b i t a l  a l t i t u d e s  f rom 100 t o  1000 m i l e s  i n  100 -m i le  increments.  Using t h e  

computer program SPACE, t h e  no rma l i zed  t o t a l  i r r a d i a n c e  E + E 

c a l c u l a t e d  as a f u n c t i o n  o f  t h e  ang le  cx between t h e  normal t o  t h e  t a r -  

g e t  s u r f a c e  element and t h e  d i r e c t i o n  t o  t h e  c e n t e r  o f  t h e  e a r t h  and i s  

p l o t t e d  versus ~1 , f o r  y = 0" and o r b i t a l  a l t i t u d e s  f rom 200 t o  700 m i l e s  

i n  100-mi le  increments,  i n  f i g u r e s  4-7 th rough  4-12 and, f o r  y = 90° and 

o r b i t a l  a l t i t u d e s  f rom 200 t o  700 m i l e s  i n  100-mi le  increments,  i n  f i g u r e s  

4-13 through 4-18. 

was Ea + Ee 

E 

The r a t i o  E between t h e  i r r a d i a n c e  produced by t h e  two s p e c t r a l  compo- 
f? 

0 

nents of  t h e  r a d i a n t  f l u x  emanat ing f rom t h e  e a r t h  was a l s o  c a l c u l a t e d  and 

i s  p l o t t e d  versus 

1000 m i l e s .  
y , i n  f i g u r e  4-19, f o r  o r b i t a l  a1 t i  tudes o f  100 and 

The f i e l d  h a l f - a n g l e  0 

f u n c t i o n  of t h e  o r b i t a l  a l t i t u d e  h , u s i n g  t h e  e q u a t i o n  
subtended by t h e  e a r t h  was c a l c u l a t e d  as a 
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The f i e l d  half-angle @ a n d  the t o t a l  f i e l d  angle 2 @  subtended by the 
ear th  are  plotted versus h in f igure  4-20. Final ly ,  the average radiant  
emittance 

locations , was c a l  cul ated using the re1 a t i  onshi p 

W a v e  of the e a r t h ' s  sur face ,  as seen from various t a rge t  

E + E  

s i  n 2 0  

- eo a O  
'ave (4-7  1 

a n d  i s  plot ted versus 
f igure  4-21 .  

y , for  orb i ta l  a l t i t u d e s  of 100 a n d  1000 miles,  in 

T o t a l  Irradiance Experienced b y  a Tarqet Surface 
Element in the Vicinity of the Earth 

The t o t a l  irradiance E experienced by a t a rge t  surface element in  
the v i c in i ty  of the ear th  i s  given by 

E = E  + E  + E  a e s (4-8) 

The t o t a l  i r radiance E was calculated as a function of CY, , using the  
computer program SPACE,  a t  various locations ( h ,  v )  in the v i c in i ty  of the  
ear th  ( h  i s  the o rb i t a l  a l t i t u d e ;  y i s  the angle ,  a t  the  center  of the 
e a r t h ,  between the d i rec t ions  t o  the sun a n d  t o  the  t a rge t  surface element).  
E i s  plotted versus i~ , f o r  h = 200 miles a n d  y = Oo in f igure  4 - 2 2 ;  
fo r  h = 600 miles and y = 0" in f igure  4-23; f o r  h = 200 miles and  

y = 90" in f igu re  
4-25. 

values of h and  y noted f o r  each of these f igu res ,  then the p lo ts  re- 
present the irradiance d i s t r ibu t ion  on the surface of the  spacecraf t  a l o n g  
the in te rsec t ion  between the sphere and  the plane which contains the centers  
of the e a r t h ,  the sphere,  a n d  the sun. 

in f igure 4 -24 ;  a n d  f o r  h = 600 miles a n d  y = 90° 
I f  a spherical spacecraf t  was located a t  the  posi t ion defined by the 
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CHARACTERISTICS OF THE PLANETARY RADIATION 
ENVIRONMENT SIMULATOR 

The Simulation ConceDt 

From the geometry of f igure 4-1,  i t  can be seen t h a t ,  i f  a reference 
surface i s  inserted between the ear th  and the spacecraft  so t h a t  a l l  of 
the radiant  f lux emanating from the ear th  toward the spacecraft  passes 
t h r o u g h  this  surface,  i t  i s  impossible t o  determine, from the spacecraf t ,  
whether t h i s  radiant f lux was emitted by the ear th  or by the reference 
surface.  Thus, in order t o  exactly simulate the Planetary Radiation 
Environment of the ear th  within a f i n i t e  volume, i t  i s  necessary t o  re- 
produce the  d is t r ibu t ion  of the radiant f lux emitted (by the ear th)  t h r o u g h  
every element of area on an appropriate reference surface.  However, the 
Planetary Radiation Environment of the earth can be closely approximated 
by dividing the reference surface i n t o  many equal , small ,  f i n i t e  areas 
and  then by approximating the dis t r ibut ion of the radiant f lux  emitted 
through each area in the real  case, with t h a t  produced by an appropriate 
source, optical-system cornbination. The simulated ear th ,  ra ther  than 
appearing as a continuous variably illuminated d isk ,  will  be seen as a 
pat tern of many small spots of l i g h t  which subtend the same t o t a l  f i e l d ,  
see f igure 4-26. 

In order t o  define the performance charac te r i s t ics  required of each 
source,  optical  -system combination (each module), consider the geometry 
represented schemati t a l  l y  i ii f igure  4-27,  where: a m i l l  t i  -modul a r  a r r a y  
of uncollimated projection systems has been located on the array reference 
surface so t h a t  the density D of the modules i s  uniform over the e n t i r e  
sur face ;  t h e  u n i t  vert.or f defines the direct ion from the t a r g e t  sur- 
face element dT t o  an element of area d s  on the array surface; R i s  
the distance between dS a n d  dT ; the radius vector Rf locates dS 

w i t h  respect t o  dT ; a n d  y i s  the angle between f and the u n i t  vector 
I? normal t o  dS . 

Defining dw as the element of so l id  angle subtended by the element 
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Appearance of the Earth from Space (Continuous , Vari ably I1 1 umi nated Disk) 
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Figure 4-26. Schematic views of  the real  a n d  the  simulated 
appearance of  the ear th .  
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Figure 4-27. Schematic representation of geometrical re la t ionships  which 
a f f ec t  the t ransfer  o f  radiant f lux from a multi-modular array 
o f  uncollimated projection systems t o  a ta rge t  surface element. 
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of area dS on the array surface a t  the t a rge t  surface element d T  , then 
from the geometry of f igure  4-27 

dS (I?I*?) - dS COS y dw = - 
R2(?*P) R2 

( 4 - 9 )  

The element of sol id  angle dw can a l so  be defined, in  terms of the 
d i rec t ion  angles 9 a n d  e ( see  Appendix I ) ,  as 

dw = sin 4 d +  d e  (4-10) 

Combining equations ( 4 - 9 )  and (4-10) y ie lds  the following expression f o r  dS 

R2sin 9 d $  de  
dS = cos y ( 4 - 1 1 )  

Because there wil l  be a f i n i t e  dis tance between adjacent modules, the 
local module density D w i l l ,  in r e a l i t y ,  vary over the array reference 
surface.  
can be determined by assuming t h a t  the module s i z e  a n d  spacing are  s u f f i -  
c i en t ly  small t h a t  the  local module density D may be considered t o  be 
uniform over the en t i r e  surface.  The e f f e c t s  introduced by f i n i t e  module 
s i z e  a n d  spacing can then be considered as simulation e r r o r s .  Therefore, 
assuming t h a t  the  value of D i s  constant over the sur face ,  i f  I i s  
ni3w defined as the in t ens i ty  of the radiant  f l ux  emitted by a module on 
dS in the direct ion -?  toward the t a rge t  surface element dT , then the 
i r radiance dE produced on the t a rge t  surface element by the radiant  f lux  
emitted by the N modules on dS i s  

However, the performance cha rac t e r i s t i c s  required of each module 

dE = N (y) 
By def in i t ion  

( 4 - 1 2 )  

N = D d S  (4-13) 
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I f  equation (4-11) i s  subst i tuted into equation (4-13) ,  the resu l t ing  
expression i s  

D R2sin $ d$ d e  
= cos y 

( 4- 14)  

which , when substi  tuted in to  equa t ion  (4-12) yi el ds 

D I s in  $ cos $ d$  d e  
cos y 

dE = 

If  the simulated ear th  i s  now taken such 

(4-15) 

t h a t  i t  i s  centered on the Z-axis 
and subtends a f i e l d  half-angle o f  0 

the to t a l  irradiance E on the target  surface element i s  given by 
a t  the ta rge t  surface element, then 

E = D / d e  [ I  (Sinc:s cos "1 d4) (4-16) 

0 0 

Because of the term cos y i n  equation (4-16) , the irradiance E will  
vary t h r o u g h o u t  the ta rge t  volume f o r  most reference surface geometries. 
This resu l t s  because cos y i s  dependent, n o t  only u p o n  0 and 8 , b u t  

a l so  upon the location and the orientation of the a r r ay  surface element 
dS w i t h  respect t o  the ta rge t  surface element dT . Therefore, in order 
t o  achieve uniform irradiance throughout the ta rge t  volume ( a  fundamental 
c h a r a c t e r i s t i c  o f  the Planetary Rad ia t ion  Environment) , i t  i s  necessary 
t o  eliminate the term cos y from equation (4-16) .  The term cos y can 
be eliminated only i f  I i s  proportional t o  cos y . For example, i f  

I = I o  cos y 

where Io  

direct ion -Ifi (normal t o  the array surface element d S ) ,  then equation 
( 4- 16)  becomes 

i s  the in tens i ty  of the radiant f lux emitted by a module in the 
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(4-18) 

0 0 

I n t e g r a t i n g  equa t ion  (4 -18)  y i e l d s  

E = TI D I o  s i n 2 0  (4 -  19) 

Thus, b o t h  t h e  i r r a d i a n c e  E and t h e  f i e l d  h a l f - a n g l e  0 subtended by 

t h e  s i m u l a t e d  e a r t h  a r e  cons tan t  and a r e  independent o f  t h e  geometry of 
t he  a r r a y  r e f e r e n c e  s u r f a c e  ( s o  l o n g  as i t  i s  l a r g e  enough) and t h e  l o c a t i o n  

w i t h i n  t h e  t a r g e t  volume i f  t h e  f o l l o w i n g  requi rements a r e  s a t i s f i e d :  

1. 

2 .  

3. 

4. 

5 .  

The modules a r e  u n i f o r m l y  d i s t r i b u t e d  ove r  t h e  a r r a y  

s u r f a c e  ( D  i s  c o n s t a n t ) .  

The modules a r e  o r i e n t e d  so t h a t  t h e i r  r e s p e c t i v e  axes 

o f  symmetry a r e  normal t o  t h e  a r r a y  r e f e r e n c e  s u r f a c e .  

The i n t e n s i t y  I o f  t h e  r a d i a n t  f l u x  e m i t t e d  by each 

module i s  p r o p o r t i o n a l  t o  t h e  cos ine  o f  t h e  ang le  of  

emission (e .g . ,  I = I cos y). 

The a x i a l  i n t e n s i t y  I o  i s  t h e  same f o r  a l l  modules. 

The angular  d i ve rgence  o f  t h e  r a d i a n t  f l u x  e m i t t e d  by 

each module i s  r e s t r i c t e d ,  by u s i n g  a p p r o p r i a t e  f i e l d  

s tops ,  t o  w i t h i n  an ang le  0 w i t h  r e s p e c t  t o  t h e  

d i r e c t i o n  of t h e  a r r a y  f i e l d  a x i s  ( p a r a l l e l  t o  t h e  

Z -ax i s  o f  f i g u r e  4 - 2 7 ) .  

0 

A more g e n e r a l i z e d  exp ress ion  f o r  t h e  i r r a d i a n c e  E w i t h i n  t h e  t a r g e t  

volume c o u l d  have been o b t a i n e d  by exp ress ing  t h e  i n t e n s i t y  

r a d i a n t  f l u x  e m i t t e d  by a module as 

I of t h e  
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which, when s u b s t i t u t e d  i n t o  equa t ion  (4-16) r e s u l t s  i n  t h e  exp ress ion  

2n @ 

(4-21) 

Since  equa t ion  (4-21) i s  independent o f  p o s i t i o n  parameters,  t hen  t h e  

i r r a d i a n c e  E w i l l  be u n i f o r m  (and t h e  f i e l d  h a l f - a n g l e  subtended by t h e  

s i m u l a t e d  e a r t h  w i l l  be cons tan t )  f o r  a l l  p o s i t i o n s  w i t h i n  t h a t  volume 

where t h e  l i m i t s  o f  i n t e g r a t i o n  app ly .  The f u n c t i o n  f ( 4 , e )  p e r m i t s  a 

g e n e r a l i z e d  masking o f  each module ( i d e n t i c a l l y  w i t h  r e s p e c t  t o  t h e  

d i r e c t i o n  o f  t h e  a r r a y  a x i s )  w i t h  graded masks i n  o r d e r  t o  s i m u l a t e  t h e  

v a r i a b l e  i l l u m i n a t i o n  o f  t h e  e a r t h  and l o c a l  v a r i a t i o n s  i n  t h e  a lbedo and/ 

o r  e m i s s i v i t y  o f  t h e  e a r t h ' s  su r face .  Thus, u s i n g  t h i s  des ign  concept, 

v i r t u a l l y  every  aspec t  o f  t h e  P lane ta ry  R a d i a t i o n  Environment can be 

s imu la ted ,  except  f o r  t h e  cont inuous f i e l d  subtended by t h e  e a r t h .  How- 

eve r ,  t h e  i n c o r p o r a t i o n  o f  graded f i e l d  masks w i l l  add, c o n s i d e r a b l y ,  t o  

t h e  c o s t  o f  t h e  P l a n e t a r y  Rad ia t i on  Environment S imu la to r .  There fore ,  t h e  

P l a n e t a r y  R a d i a t i o n  Environment S i m u l a t o r  w i l l  be d e f i n e d  by assuming t h a t  

t h e  r a d i a n t  i n t e n s i t y  I o f  each module, w i t h i n  an ang le  @ w i t h  r e s p e c t  

t o  t h e  d i r e c t i o n  o f  t h e  a r r a y  f i e l d  a x i s ,  i s  g i v e n  by equa t ion  (4-17) .  
i s  e q u i v a l e n t  t o  assuming t h a t  t h e  e a r t h  i s  a s p h e r i c a l  Lambert ian r a d i a t o r  

o f  u n i f o r m  rad iance . )  The e f f e c t s  i n t r o d u c e d  by i g n o r i n g  t h e  f u n c t i o n  

f ( 6 , e )  

( T h i s  

can then  be eva lua ted  as s i m u l a t i o n  e r r o r s .  

The r e q u i r e d  a x i a l  i n t e n s i t y  

module may be de termined as f o l l o w s :  

I o  of t h e  r a d i a n t  f l u x  e m i t t e d  by each 

f r o m  equa t ion  (4-19)  

E 

n D s i n 2 @  
I .  = 

U 
(4-22)  

Def i  n i  ng W a v e  

i n c l u d i n g  bo th  t h e  r e f l e c t e d  and e m i t t e d  r a d i a n t  f l u x ,  as seen f rom a g i v e n  

l o c a t i o n  i n  space, then f rom equat ion  (4-7)  

as t h e  average r a d i a n t  emi t tance o f  t h e  e a r t h ' s  su r face ,  
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(4 -23)  

Therefore, i f  the ear th  i s  simulated as a spherical Lambertian rad ia tor  of 
uniform radiance, then, from equations ( 4 - 2 2 )  and  ( 4 - 2 3 ) ,  the axial 
in tens i ty  I o  required from each module i s  

- 'ave - -  I O  IT D (4-24) 

From equation ( 4 - 2 4 ) ,  i t  can be seen t h a t  the axial  in tens i ty  

from each module i s  d i r e c t l y  proportional t o  the average radiant  emittance 

'ave 
density D of the modules on the array reference surface.  

I o  required 

seen a t  the e a r t h ' s  surface and  i s  inversly proportional t o  the 

The uniformity of the irradiance produced b~ the simulator w i t h i n  the - 
t a rge t  volume i s  a function o f  the uniformity of the density - -  of the modules 
-- on the array reference surface.  For example, defining S as the area of 

the a r r a y  reference surface a n d  locating 
the average density D of the modules i s  

- d -  - 
-- - -  - -  

N modules on t h i s  sur face ,  then 

D = 7  N ( 4 - 2 5 )  

and the average irradiance 
equation (4-19) .  The so l id  angle R subtended by the simulated ear th  i s  

E within the t a r g e t  volume i s  given by 

( 4 - 2 6 )  

Defining 

volume by the 
E t  a s  the irradiance produced a t  some posit ion within the  t a r g e t  

modules located on t h a t  portion ( t h e  area S t )  of the  N t  
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a r r a y  r e f e r e n c e  s u r f a c e  which can be seen w i t h i n  t h e  s o l i d  ang le  R f rom 

t h e  t a r g e t  p o s i t i o n ,  then t h e  module d e n s i t y  Dt seen f rom t h i s  p o s i t i o n  

i s  

There fore ,  f rom equa t ion  (4 -19 ) ,  

I -  

a ( 1  - e * )  
1 - e cos T r = h + R =  

(4-27)  

(4-28) 

where U rep resen ts  the  u n i f o r m i t y  o f  t h e  i r r a d i a n c e  w i t h i n  t h e  t a r g e t  

volume. 

S i m u l a t i n g  t h e  Environment Experienced by a Spacec ra f t  

wh ich  i s  O r b i t i n g  t h e  E a r t h  

From t h e  geometry o f  f i g u r e  4-1, t h e  geomet r i ca l  parameters which must 

be v a r i e d  t o  dynamica l l y  s imu la te  t h e  env i ronment  encountered by a space- 

c r a f t  o r b i t i n g  t h e  e a r t h  a r e :  ( 1 )  t h e  f i e l d  h a l f - a n g l e  @ subtended by 

t h e  e a r t h  a t  t h e  s p a c e c r a f t ;  and ( 2 )  t h e  ang le  

between t h e  d i r e c t i o n s  t o  t h e  centers  of t h e  sun and t h e  e a r t h .  (Because 

o f  t h e  g r e a t  d i s t a n c e  between the  spacecra f t  and t h e  sun, t h e  f i e l d  h a l f -  

a n g l e  !1 

c o n s t a n t . )  

t h e  e a r t h ,  t h e  d i s t a n c e  

c r a f t  i s  g i v e n  by 

o , taken a t  t h e  s p a c e c r a f t ,  

subtended by t h e  sun a t  t h e  spacecra f t  may be assumed t o  be 

Assuming t h a t  t h e  spacec ra f t  i s  i n  an e l l i p t i c a l  o r b i t  around 

r between t h e  c e n t e r  o f  t h e  e a r t h  and t h e  space- 

(4 -29)  

where e i s  t h e  e c c e n t r i c i t y  and a i s  t h e  semi-major a x i s  o f  t h e  

e l l i p t i c a l  o r b i t .  The ang le  T i s  measured w i t h  r e s p e c t  t o  t h e  d i r e c t i o n  
t o  t h e  apogee of t h e  o r b i t  ( t he  d i r e c t i o n  f o r  which t h e  va lue  o f  r i s  a 
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maximum). Thus, from the geometry of f igure  4-1,  

R -  R (1 - e cos T )  s i n  0 = - - 
a (1 - e 2 )  h+R 

a n d  

R (1 - e cos T )  
0 = arctan [ , 

(4-30) 

(4-31) 

The f i e l d  half-angle 
determined, as a function of time t , as follows. 

0 subtended by the ear th  a t  the spacecraft  may be 

The a n g u l a r  momentum m of an  orbi t ing spacecraf t  i s  constant.  Thus 

where T i s  the orb i ta l  period. Subst i tut ing equation (4-29)  i n t o  
equation (4-32)  y ie lds  

m d t  = [e] e cos T) dT 

(4-32) 

(4-33) 

By making the appropriate transformations , equation (4-33) can be i nte- 
grated t o  o b t a i n  an expression f o r  t i n  terms o f  the  angle T a n d  the 
constants of the o r b i t  ( e  , T ) .  Thus 

I 

+ T J 1  - e2 e s in  T 
= 2 n  

where 

(4-34) 



(4-35) 

Thus, given the constants e , a , T (of the spacecraf t ' s  o r b i t )  and R 

( the  radius of the e a r t h ) ;  then i f  values of T 

equations (4-31) ,  (4-34) and (4-35), i t  i s  possible t o  plot  a curve which 
defines how 
must be varied during the dynamic simulation of t h a t  o rb i t .  

are subst i tuted in to  

@ ( the  f i e l d  half-angle subtended by the simulated ea r th )  

The angle 0 , taken a t  the spacecraf t ,  between the direct ions t o  the 
sun and t o  the ear th  may be determined as a function of time, as follows. 
From the geometry of f igure 4-1 

where y i s  the angle, a t  t h e  center of the ea r th ,  between the direct ions 
t o  the sun and t o  the spacecraft;  p i s  the angle,  a t  the center of the 
sun, between the direct ions t o  the ear th  and t o  the spacecraft .  Define 
r 
a n d  the direct ion from the earth t o  the sun. Let p be the distance 
between the spacecraft  and t h e  reference plane which i s  normal t o  the 
earth-sun l i ne  and  which in te rsec ts  the plane of the spacecraf t ' s  o r b i t  
a t  the center of the ear th .  Defining r and  T as before, then p i s  
given by 

as the angle between the normal t o  the plane of the spacecraf t ' s  o r b i t  

where 6 i s  the angle between the direct ion t o  the apogee of the o r b i t  
and t h e  plane containing the earth-sun l i n e  and the normal t o  the space- 
c r a f t ' s  o r b i t .  If 5 i s  defined as the angle between the reference plane 
and the direct ion from the center of the earth t o  the spacecraf t ,  then 
from the geometry of f igure 4-1 

n s in  5 = P = s in  (T - y) r 
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Using equat ions (4 -37)  and (4-38)  , and t h e  t r i g o n o m e t r i c  i d e n t i t i e s ,  

may be expressed as 
y 

r 1 
1 - s i n 2 r  C O S ~ ( T  + S )  

s i n  r cos (T t 6 )  I y = a r c t a n  J (4-39)  
I 

From t h e  geometry o f  f i g u r e  4-1, t h e  ang le  p i s  g i v e n  by 

71 r cos (? - 
p = a r c t a n  [ - y ) ]  

where D i s  the r a d i u s  o f  t h e  e a r t h ' s  o r b i t .  S u b s t i t u t i n g  equa t ion  

(4-37)  i n t o  equat ion  (4-40)  y i e l d s  

(4 -40)  

(4-41)  

[ I n c l u s i o n  o f  t h e  ang le  p i n  equa t ion  (4-36)  c o r r e c t s  f o r  p a r a l l a x .  

However, near  t h e  ea r th ,  t h e  te rm (p) o f  e q u a t i o n  (4 -41)  i s  so l a r g e  t h a t  

p = 01. Combining equa t ions  (4 -36 ) ,  (4-39)  and (4-41)  t o  e l  i m i n a t e  p 

and y y i e l d s  

1 1 - s i n 2 r  C O S ~ ( T  + S )  

- s i n  r cos (T + 6 )  
0 = a r c t a n  (4-42)  

S ince  t h e  angle 

--- v a r i e s  w i t h  t ime for &I o r b i t s  except  those  wh ich  l i e  i n  t h e  r e f e r e n c e  

p lane  (I' = 0 or r = 7 1 ) .  Given t h e  r a d i u s  R o f  t h e  e a r t h ,  t h e  r a d i u s  D 

of t h e  e a r t h ' s  o r b i t ,  and t h e  cons tan ts  e , a , T , r and 6 which 

d e f i n e  t h e  o r b i t  o f  t h e  s p a c e c r a f t ;  then,  if v a r i o u s  va lues  of T a r e  

s u b s t i t u t e d  i n t o  equat ions  (4 -29 ) ,  (4 -35) ,  (4 -34)  , and (4 -42)  t o  de termine 

t h e  corresponding va lues f o r  r , Q , t and 8 , i t  i s  p o s s i b l e  t o  p l o t  

T v a r i e s  w i t h  t ime,  then,  from e q u a t i o n  (4 -42 ) ,  
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a curve which defines how o ( t h e  angle between the direct ion of the s o l a r  
f i e l d  axis a n d  the direct ion o f  the array f i e l d  a x i s ,  see f igure 4-28) must 
be varied in order t o  dynamically simulate t h a t  o r b i t .  

I n  r e a l i t y ,  the radius D o f  the e a r t h ’ s  o r b i t  and the angle r 
between the earth-sun l i n e  and t h e  normal t o  t h e  plane of the spacecraf t ’ s  
o r b i t  a re  not constant;  they both vary w i t h  time t . Defining e’ as the 
eccent r ic i ty  and a’ as  the semi-major axis  of the e a r t h ’ s  o r b i t ,  then on 
the basis of equation (4-29) 

D =  a’ [ 1 - (e-12) 
1 - e’ cos w (4-43) 

where w i s  the angle between the earth-sun l i n e  and the direct ion t o  the 
aphelion of  the e a r t h ’ s  o r b i t  (the direct ion for which the value of D i s  
a maximum). Defining w0 as t h e  value of  w a t  the time ( t = O )  when the 

spacecraft  i s  launched in to  o r b i t  then, on the basis of equations (4 -34)  

and (4-35) 
r 

ZIT T’J-r-FF- I t =  

where T’ i s  the orb i ta l  per 

- c1 e’ sin w + 24 ’ 

4- 1 - e’ cos w 

od of the ear th  (one y e a r ) ,  and  where 

Q’  = arctan [d% tan (:)I 
e’ sin w 2Q; 

C =  O t  
$1-’2- 1 - e’ cos wo 

r .  4’ = arctan[d(++$j t a n  (2) 1 J 
0 

The cosine of  the angle r i s  given by 

(4-44) 

(4-45) 

(4-46) 

(4-47) 

cos r = s in  o { sin rl s i n  [ 2 ( w  - u0)]- cos rl cos [ 2 ( w  - w,)]} (4-48) 
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I 
CHAMBER DOME CONTAINING A SOLAR RADIATION SIMULATOR 

/ /- ,‘ ARRAY REFERENCE SURFACE -4 
/ /  / /  

DIRECTION OF THE 
SOLAR FIELD AXIS 
( F I X E D )  

DIRECTION OF THE 
ARRAY FIELD AXIS 
(VARIABLE) 

Figure 4-28. Schematic representation of the Space Environment Simulator 
showing the angle o between the d i rec t ions  of the so l a r  f i e l d  
axis  and the array f i e l d  ax is .  
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where CJ i s  the angle between the normal t o  the plane of the s p a c e c r a f t ' s  
o r b i t  a n d  the normal t o  the e a r t h ' s  o r b i t  ( t h e  polar a x i s ) ,  and  rl i s  the 
angle (when 
t o  the plane of the spacecraf t ' s  i n i t i a l  o r b i t  i n t o  the  plane of the e a r t h ' s  
o r b i t .  [The angles o a n d  ri a r e ,  respect ively,  the co-lat i tude and the  
longitude o f  a spherical coordinate system (see Appendix I )  whose polar 
axis i s  normal t o  the plane o f  the e a r t h ' s  o r b i t . ]  
i d e n t i t i e s ,  

t = 0 )  between the earth-sun l i n e  and projection of the  normal 

From the trigonometric 

s i n  r = 41 - cos2r (4-49) 

r = arctan _I_ = arctan( v(l-cosr ) (2 cos r (4-50) 

From equations (4-43) t h r o u g h  (4-50),  i t  can be seen t h a t  the var ia t ion in 
D and r (espec ia l ly  in r) with respect t o  time can be ignored only when 

The average the t o t a l  simulation time tmax is so small t h a t  umax 2 w 

variat ion in w i s  0.9856 degrees-per-day. 

0 -  

H a v i n g  established a method whereby 0 and 0 can be defined as a 
f u n c t i o n  of time t f o r  any o r b i t ,  consider now the special case where the 
s p a c e c r a f t ' s  o r b i t  i s  c i r c u l a r .  For a c i r c u l a r  o r b i t ,  e = 0 a n d  r i s  
constant.  Thus, from equation (4-31) 

R (4-51) 
0 = arctan !J--R') = constant 

and from equations (4-34) and  (4-35) 

t = -  T T  
2 n  (4-52) 

Set t ing 6 = 0 , then from equations (4 -42)  a n d  ( 4 - 5 2 )  
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e = a r c t a n  (4-53) 

I f  the e a r t h ’ s  orb i t  i s  assumed t o  be c i r cu la r ,  then e’ = 0 a n d  D i s  
constant.  Sett ing w0 = 0 , then from equations (4-44)  through (4-47)  

t = -  T’ w 
27I 

From equations (4-48) a n d  (4-54) 

cos r = s i n  0 [ s in  r- s in  (y)  - cos r- cos ( 4 3 1  - 

(4-54) 

(4-55) 

If equation (4-55)  
trigonometric i d e n t i t i e s ,  the r e su l t  will be a n  expression w h i c h  defines 
how 
o rb i t  o f  radius r and orb i ta l  period T , assuming t h a t  the e a r t h ’ s  o r b i t  
i s  a lso c i r cu la r .  

i s  now subst i tuted in to  equation (4-53)  using the 

0 must be varied in time in order t o  dynamically simulate a c i rcu lar  

The axial intensi ty  I o  of the radiant f lux emitted by each module of 

the Planetary Radiation Environment S imula tor  i s ,  from equation ( 4 - 2 4 )  

1 = -  ‘ave 
o I T D  (4-56) 

where 

‘ave 
equat ion  ( 4 - 7 ) .  W a v e  i s  plotted versus y E IT - o in f igure  4-21. Since 

IO 

D i s  the density of the modules on the array reference surface a n d  
i s  the average radiant emittance seen a t  the e a r t h ’ s  surface,  see 

varies with W a v e  , and s ince W a v e  var ies  with y a n d  thus with 0 , 

then in order t o  dynamically simulate any o r b i t ,  the axial  i n t ens i ty  

of the radiant flux emitted by each module must vary with o , increasing 
I o  
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as the value of 0 increases between 0 and n . 

To summarize, in order t o  dynamically simulate the o r b i t  of any space- 
c r a f t  with a Space Environment Simulator such as t h a t  represented in 
f igure  4-28, there are  three parameters which must be varied with time. 
These a re :  (1) the angle o between the s o l a r  f i e l d  axis and the array 
f i e l d  ax is ;  ( 2 )  the f i e l d  half-angle 0 subtended by the simulated e a r t h ;  
and ( 3 )  the axial  in tens i ty  

module. I n  addi t ion,  the Space Environment Simulator must be equipped 
with a gimbal which will or ient  the spacecraft  w i t h  respect t o  the direc-  
t ions of the so la r  f i e l d  axis and the array f i e l d  axis .  

I o  of the radiant f lux emitted by each 

Design of a Module 

From equations (4-17)  and ( 4 - Z O ) ,  i t  i s  required t h a t  the radiant 

I o  in tens i ty  of the f lux emitted by each module be proportional t o  the 

cosine of the angle of emission y , where y i s  measured from the axis 
of symmetry of the radiant flux d i s t r i b u t i o n .  
plane Lambertian radiator  i s ,  by def in i t ion  (see Appendix I )  

The radiant in tens i ty  of a 

I = I o  cos y (4 -57)  

where I o  i s  the radiant intensi ty  in the direct ion of the surface normal 

The simplest module consists of a source which emits a l l  of i t s  radiant 
f lux  i n t o  a s o l i d  angle of ZIT s teradians ( i n t o  a hemisphere) and whose 
r a d i a n t  in tens i ty  d is t r ibu t ion ,  within t h i s  sol id  angle,  i s  given by equation 
( 4 - 5 7 ) .  B o t h  the zirconium arcs and  tantalum carbide RF lamps (manufactured 
by Sylvania Elec t r ic  Company) meet ttiis requirement; however, b o t h  require 
e laborate  a n d  cost ly  power supplies. 

Next in order of simplicity i s  a module which consis ts  of a hemispher- 
ical  mirror and a source t h a t  radiates  in to  a so l id  angle of 4n steradians 
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( a  sphere)  and whose r a d i a n t  i n t e n s i t y  I ’  i s  g i v e n  by 

I’ = I; cos y 

where i s  the r a d i a n t  i n t e n s i t y  a long  t h e  a x i s  o f  symmetry o f  t h e  

r a d i a n t  f l u x  d i s t r i b u t i o n  ( y  = 0 o r  y = T ) .  The hemispher ica l  m i r r o r  i s  

l o c a t e d  so t h a t  i t  i s  cen te red  about  t h e  a x i s  o f  symmetry o f  t h e  r a d i a n t  
f l u x  d i s t r i b u t i o n  i n  t h e  d i r e c t i o n  y = IT and so t h a t  i t  p laces  an image 

o f  t h e  source a longs ide  t h e  source. The r a d i a n t  f l u x  Fm e m i t t e d  by t h e  

source i n t o  t h e  s o l i d  ang le  ( 2 ~  s t e r a d i a n s ) ,  

i s  equal t o  t h e  r a d i a n t  f l u x  e m i t t e d  by t h e  source i n t o  remain ing  s o l i d  

ang le  (2r s t e r a d i a n s ) .  Fm i s  g i v e n  by 

I; 

I 

subtended by t h e  m i r r o r  

(4-58) 

IT - R 2Tr A 

F = \  m I ’dn  = I; 5 de i s i n  y cos y dy = TT I ’  0 
.v 

0 0 IT 

D e f i n i n g  

source, t h e  t o t a l  r a d i a n t  f l u x  F e m i t t e d  by t h e  module i , s  
Am as t h e  r e f l e c t a n c e  o f  t h e  m i r r o r  f o r  t h e  spect rum o f  t h e  

F = Fm (1 + Am) = TI Io 

(4-59)  

(4-60)  

where 

D e f i n i n g  P as the  e l e c t r i c a l  i n p u t  power t o  t h e  source and C as t h e  

r a d i a t i v e  e f f i c i e n c y  o f  t he  source, then,  by  d e f i n i t i o n  

I o  i s  the  a x i a l  i n t e n s i t y  o f  t h e  r a d i a n t  f l u x  e m i t t e d  by  t h e  module. 

C P = 2Fm (4 -61)  

Combining equat ions ( 4 - 5 9 )  t h rough  (4-61)  so as t o  e l i m i n a t e  

and Fm 
10 , F , 
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/ 

I .  
C (1  + A m )  P 

2n (4-62)  I =  
0 

Combining t h i s  expression and equation (4-24)  y ie lds  an expression which 
defines the density D of 
i f  the Planetary Radiation 
u s i n g  a source whose input 

"ave 
C (1  + A m )  P D =  

where W a v e  i s  the average 

1 ocation whose envi ronment 

modules required on the array reference surface 
Environment o f  the ear th  i s  t o  be simulated 
e l e c t r i c a l  power i s  P . T h a t  i s  

(4-63) 

radiant emittance of the  ear th  as seen from the 

i s  t o  be simulated. From f igure  4-21 ,  the value 
ranges between 21.125 watts-per-square-foot and  66.611 watts- of 'ave 

per-square-foot. 

One source which emits radiant f lux in accordance with equation (4-58) 
i s  the ribbon tungsten filament. 
avai lable  in 108-watt versions t h a t  are  very compact.) 
of the radiat ive eff ic iency C of tungsten filament lamps are  n o t  k n o w n ,  
b u t  according t o  Hardy a n d  Perrin,  Principles of Optics, i t  i s  0.80 " o r  
lower". Taking C = 0.75 as a conservative value a n d  assuming t h a t ,  f o r  
an evaporated aluminum mirror which has been exposed t o  the atmosphere, 
Alii = 0 .92  ( see  Appendix V )  for the spectrum of a tungsten filament l a m p ,  

then in order t o  simulate the maximum radiant Emittance seen a t  the e a r t h ' s  
sur face ,  

(Ribbon tungsten filament lamps are  
Reliable values 

D = 2 (66i611) ) - 92 .z153  
0.75 1 + 0.92 P (4-64) 

Thus, i f  108-watt  ribbon tungsten filament lamps are  used, the required 
module density i s  0.8566 modules-per-square-foot a n d  there must be one 
module f o r  each 1.1674 square-foot of area on the a r r a y  reference surface.  
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The lamps l e a s t  natural ly  sui ted t o  provide the required radiant  f l u x  

I ’  of a 
d i s t r ibu t ion  a re  those whose radiant  i n t ens i ty  d is t r ibu t ion  approximates 
t h a t  o f  a cyl indrical  Lambertian rad ia tor .  
cy1 i ndrical Lamberti an rad ia tor  i s given by 

The radiant  i n t ens i ty  

I ’  = Iijo sin 9 (4 -65)  

where (p 

the cylinder and the direct ion o f  emission; 

i n  the  direct ions where 
axis of the cyl inder) .  
the cap i l l a ry ,  and the tungsten-iodine lamp. 

i s  the angle, a t  t he  center of the cyl inder ,  between the axis  of 
14, i s  the radiant  i n t ens i ty  

( i n  the d i rec t ions  perpendicular t o  the 
This source category includes the shor t  a r c  lamp, 

9 = 900 

A compromise t o  the required cosine d is t r ibu t ion  can be obtained, 
using t h i s  type source, by locating the source coaxial ly  within an appro- 
p r i a t e  r e f l ec to r  (see Appendix V I ) .  
introduced by the ends of the lamp, there  will  be an ax ia l ly  symmetric so l id  

However, because of the shadows 

angle RS = 2n (1  - cos y s )  which contains no radiant  f lux .  ( y s  i s  the 

f i e l d  half-angle subtended, a t  the secondary focus,  by the obstruction 
which i s  causing the shadow.) 
a spherical  reference surface of  radius 

I f  an array of these modules was located on 
R , then there  would be a volume 

of radius R s i n  ys 

no radiant f lux from the array of modules. 
on a plane, then a l l  par ts  of the t a rge t  volume would be uniformly 
i r r ad ia t ed ;  however, the simulated ear th  would have a dark region, a t  the 
center  of i t s  f i e l d ,  which subtends the so l id  angle 

t h i s  module configuration can be used f o r  the Planetary Radiation Environ- 
ment Simulator, a technique must be defined whereby rad ian t  f lux w i t h  the 
cor rec t  i n t ens i ty  and d i s t r ibu t ion  can be introduced in to  the so l id  angle 

(centered w i t h i n  the  t a rge t  volume) which would receive 

If  these modules were located 

as . Thus, before 

OS - 
A compromise to the required cosine d i s t r ibu t ion  can a l s o  be obtained, 

using t h i s  type of source,  by locating the source on the ax is  of an 
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a p p r o p r i a t e  r e f l e c t o r  so t h a t  i t s  a x i s  i s  p e r p e n d i c u l a r  t o  t h e  a x i s  o f  t h e  

r e f l e c t o r .  I f  t h e  source were a c y l i n d r i c a l  Lambert ian r a d i a t o r ,  t hen  t h e  

i n t e n s i t y  I ’  o f  t h e  r a d i a n t  f l u x  e m i t t e d  by t h e  source i n  a d i r e c t i o n  4 

w i t h  r e s p e c t  t o  t h e  a x i s  o f  t h e  r e f l e c t o r ,  i s  g i v e n  by 

(4-66) 

where I G 0  i s  aga in  t h e  r a d i a n t  i n t e n s i t y  i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  

t o  t h e  a x i s  of t h e  source; e i s  t h e  l o n g i t u d e  o f  t h e  $ , e  s p h e r i c a l  

c o o r d i n a t e  system cen te red  a t  the  source and i s  t h e  ang le  between t h e  p l a n e  

d e f i n e d  by t h e  axes o f  t h e  lamp and t h e  r e f l e c t o r  and t h e  p lane  d e f i n e d  by 

a x i s  o f  t h e  r e f l e c t o r  and t h e  d i r e c t i o n  o f  emiss ion .  The i n t e n s i t y  I o f  

t h e  r a d i a n t  f l u x  emanating f rom t h e  module i s  equal t o  t h e  sum o f  i n t e n s i t y  

I’ of t h e  r a d i a n t  f l u x  e m i t t e d  by t h e  source and t h e  i n t e n s i t y  I; o f  t h e  

r e f l e c t e d  r a d i a n t  f l u x  i n  t h e  d i r e c t i o n  y w i t h  r e s p e c t  t o  t h e  a x i s  o f  

t h e  module. Tha t  i s  

I = I ’  + I’ m (4 -67)  

If equat ions  (4-57)  and (4 -66)  a re  now s u b s t i t u t e d  i n t o  equa t ion  (4 -67 ) ,  

t h e  r e s u l t i n g  exp ress ion  de f i nes  t h e  i n t e n s i t y  d i s t r i b u t i o n  r e q u i r e d  o f  

t h e  r e f l e c t e d  r a d i a n t  f l u x  1; i n  o r d e r  t h a t  t h e  i n t e n s i t y  I o f  t h e  

t o t a l  r a d i a n t  f l u x  emanating from t h e  module be p r o p o r t i o n a l  t o  cos y . 
T h i s  exp ress ion  i s  

I’ = I cos y - 1 6 ~  J1 - s i n 2 y  cos28 (4 -68)  m 0 

D e f i n i n g  

source,  then t h e  a x i a l  i n t e n s i t y  

from t h e  module i s  

Am as t h e  r e f l e c t a n c e  o f  t h e  r e f l e c t o r  f o r  t h e  spectrum o f  t h e  

o f  t h e  t o t a l  r a d i a n t  f l u x  emanating Io 
I .  

I = l + A  
0 ( m) 1 4 0  

(4-69)  
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S u b s t i t u t i n g  equat ion  (4-69)  i n t o  equa t ion  (4-68) y i e l d s  

There fo re ,  i f  the r a d i a n t  i n t e n s i t y  d i s t r i b u t i o n  o f  t h e  source i s  g i v e n  by 

equa t ion  (4 -66) ,  t hen  t h e  r a d i a n t  i n t e n s i t y  d i s t r i b u t i o n  r e q u i r e d  of t h e  

r e f l e c t e d  r a d i a n t  f l u x  i s  g i v e n  by equa t ion  (4 -70 ) .  Us ing these two equa- 

t i o n s ,  t h e  shape o f  t h e  r e q u i r e d  r e f l e c t o r  can be determined by  a p p l y i n g  

t h e  methods descr ibed i n  Appendix V I  t o  c a l c u l a t e  c o o r d i n a t e s  over  t h e  

su r face .  Because o f  t h e  te rm cos2e i n  equa t ions  (4-66)  and (4-70) ,  t h e  

r e f l e c t i n g  su r face  thus  d e f i n e d  w i l l  not be c i r c u l a r l y  symmetric about  t h e  

a x i s  o f  t h e  module. I t  i s  p robab le  t h a t  t h e  r e f l e c t i n g  s u r f a c e  w i l l  have 

an e l l i p t i c  c ross -sec t i on .  

From t h e  preceding,  t h e  most d e s i r a b l e  module c o n f i g u r a t i o n  (on  t h e  

b a s i s  o f  s i m u l a t i o n  f i d e l i t y ,  s i m p l i c i t y  and low  cost -per-module)  appears 

t o  be a r i b b o n  tungs ten  f i l a m e n t  lamp used w i t h  a hemispher i ca l  m i r r o r .  

The ma jo r  d isadvantage o f  t h i s  module c o n f i g u r a t i o n  i s  t h a t ,  because o f  

t h e  low power ou tpu t  o f  t h e  r i b b o n  tungs ten  f i l a m e n t  lamp, a g r e a t  many 

modules w i l l  be needed t o  p r o v i d e  t h e  maximum i r r a d i a n c e  r e q u i r e d  i n  t h e  

t a r g e t  volume o f  t h e  P l a n e t a r y  R a d i a t i o n  Envi ronment  S i m u l a t o r .  

be noted,  however, t h a t  t h e  use o f  more modules w i l l  i n c r e a s e  t h e  u n i -  

f o r m i t y  o f  t h e  i r r a d i a n c e  w i t h i n  t h e  t a r g e t  volume.) 

(It shou ld  

A p o s s i b l e  a l t e r n a t i v e  t o  t h e  r i b b o n  tungs ten  f i l a m e n t  lamp 

i s  t h e  C-13 tungs ten  f i l a m e n t  p r o j e c t i o n  lamp. 

r a d i a n t  i n t e n s i t y  d i s t r i b u t i o n  o f  t h e  C-13 t u n g s t e n  f i l a m e n t  p r o j e c t i o n  

lamp a r e  shown, f o r  two scanning d i r e c t i o n s ,  i n  f i g u r e  4-29. 

P o l a r  p l o t s  o f  t h e  r e l a t i v e  

(The r e l a t i v e  

r a d i a n t  i n t e n s i t y  d i s t r i b u t i o n  w i t h i n  t h e  s o l i d  a n g l e  where 90° 5 6 5 
i s  i d e n t i c a l  t o  t h a t  p l o t t e d  i n  f i g u r e  4-29.) 

p l o t t e d  f rom measurements taken  i n  t h e  p lane  normal t o  t h e  a x i s  of t h e  

c y l i n d r i c a l  lamp envelope c l o s e l y  approx imates t h a t  o f  a u n i f o r m l y  r a d  

source w i t h i n  an angle because t h e  p r o j e c t e d  area  o f  each co 

t h e  f i l a m e n t  i s  independent o f  6 i n  t h i s  p lane .  The decrease i n  t h e  

The d i s t r i b u t i o n  cu rve  

4 = 400 

1 80° 

a t i  ng 

1 o f  

r e l a t i v e  i n t e n s i t y  f o r  4 > 400 i s  a r e s u l t  of t h e  f a c t  t h a t  t h e  f i e l d - o f -  
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Data Source :  Wallin O p t i c a l  Systems,  I n c . ,  
Chatswor th ,  C a l i f o r n i a  

F i g u r e  4-29. R e l a t i v e  r a d i a n t  i n t e n s i t y  d i s t r i b u t i o n  of a C-13 t u n g s t e n  
f i l a m e n t  p r o j e c t i o n  lamp w i t h i n  a s o l i d  a n g l e  o f  2~ s t e r a d i a n s  
( a  hemi s p h e r e ) .  
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view t o  the fur ther  co i l s  i s  increasingly obstructed by the nearer c o i l s  
as 4 increases t o  90° . The i r r e g u l a r i t i e s  in the d is t r ibu t ion  curve 
plotted from measurements taken in the plane which contains the ax is  of 
the lamp envelope and which i s  normal t o  the filament plane, a re  possibly 
the r e s u l t  of measuring inaccuracies b u t  a re  more l ike ly  the r e s u l t  of 

re f lec t ion  by components of the filament support s t ruc ture .  
tolerance on t h e  radiant  in tens i ty  d is t r ibu t ion  of the radiant  f lux  ema- 
nating from each module i s  n o t  too r e s t r i c t i v e ,  i t  may be possible t o  use 
the C-13 tungsten filament lamp with a hemispherical mirror.  
on the radiant intensi ty  d is t r ibu t ion  o f  the radiant  f lux emanating from 
a module can o n l y  be establ ished a f t e r  the geometry of the array reference 
and  the tolerance on the  uniformity of the i r radiance within the target 
volume have been spec i f ied . )  Alternat ively,  the  shape of the r e f l e c t o r  t o  
be used with th i s  source can be defined using the techniques discussed in 
Appendix V I .  

I f  the  

(The tolerance 

Final ly ,  t h e  module may consis t  of a lamp whose radiant  i n t e n s i t y  
d is t r ibu t ion  approximates t h a t  of a cyl indrical  Lambertian rad ia tor  ( e . g .  , 
a tungsten-iodine lamp with a coiled-coil  f i lament) and which i s  located 
SO t h a t  i t s  axis i s  perpendicular t o  the axis of the module. Again, i f  
the tolerance on the required radiant  in tens i ty  d i s t r i b u t i o n  i s  n o t  too 
r e s t r i c t i v e ,  i t  may be possible t o  use the lamp with a hemispherical re- 
f l e c t o r .  However, i t  i s  more probable t h a t  the  tolerances will  require 
the r e f l e c t o r  shape t o  be defined in accordance with the techniques d is -  
cussed in Appendix VI .  

I r respect ive of how the required radiant  i n t e n s i t y  d i s t r i b u t i o n  i s  
achieved, each module must be equipped with a f i e l d  mask t o  r e s t r i c t  the 
radiant f lux emanating from the module t o  within a n  angle 
t o  the array f ie ld  axis .  
simulated e a r t h . )  
with a c i r c u l a r  area S removed. This area S i s  given by 

o w i t h  respect 

(Q i s  the f i e l d  half-angle subtended by the 
A convenient shape for  the f i e l d  mask would be a sphere 

S = 2n R 2  (1 - cos o m )  (4 -71 )  
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where R i s  the radius of the sphere and om i s  the f i e l d  half-angle 

subtended by the aperture area S a t  the center  of  the sphere. The f i e l d  
subtended by the simulated earth can be varied by displacing the center 
of curvature of the spherical masking surface away from the source ( i . e . ,  
the position from which the radiant f lux emitted by the module i s  apparently 
emanating) along the direct ion o f  the array f i e l d  axis ( i . e . ,  the direct ion 
of the axis of the aperture of the f i e l d  mask). Define Omax and  cpmin  

as the l imi t s  on the range of cp f o r  a l l  o rb i t s  t o  be simulated. Specify 
t h a t  when cp = @'max , the center of curvature of the spherical masking 

surface i s  displaced a distance d from the source position in the direct ion 
along the a r r ay  f i e l d  axis toward the ta rge t  volume. 
when 

displaced a distance d from the source position in the direct ion along 
the array f i e l d  axis  away from the ta rge t  volume. 
half-angle cpm 

Further, specify t h a t  
cp = omin , the center of curvature of the spherical masking surface i s  

Therefore, the f i e l d  - 
subtended by t h e  aperture in the masking surface i s  given 

by 

v'4 - ( c o s  omax + cos 'J ] 
+ cos omin 

'Os 'max 
= a r c t a n  'rn (4-72)  

The varying f i e l d  subtended by the ear th  as seen by a spacecraft  in an 
e l l i p t i c  o rb i t  can be simulated by varying the distance between source and 
the center of curvature of the spherical masking surface.  Defining x 
a s  the displacement between tile suui'ce arid t h e  center c~f c u r v a t u r e  of the 
spherical masking surface a t  time t , then x i s  given by 

(4-73) 

where 0 i s  the f i e l d  half-angle subtended by the ear th  a t  time t a n d  
i s  given by equation (4-31) .  

I t  has been shown t h a t  t h e  angle o between the so la r  f i e l d  axis and  
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the array f i e l d  axis (see f igure 4-28) must be varied i n  accordance with 
equation (4-42) I f  the  array surface i s  a portion of a sphere, then the 
angle o can be varied by rotat ing the array reference surface a b o u t  an 
axis which i s  perpendicular t o  the s o l a r  f i e l d  axis 
t h r o u g h  the center of curvature of the array reference surface.  
other  reference surface shapes, the movement of the reference surface i s  
physically res t r ic ted  by the chamber walls a n d  each module must be equipped 
with a f i e l d  mask which can be rotated so t h a t  the angle between the 
so la r  f i e l d  axis a n d  the axis of the aperture of the f i e l d  mask (i . e . ,  the 
direct ion of t h e  array f i e l d  a x i s )  varies according t o  equation ( 4 - 4 2 ) .  
The axes of rotation of a l l  of the f i e l d  masks must be mutually para l le l  
a n d  must be perpendicular t o  the s o l a r  f i e l d  ax is .  
t o  be simulated, the spherical masking surface i s  rotated a b o u t  an axis 
which passes through the source position a n d  which i s  displaced a distance 
x from the center of curvature of the spherical masking surface along 
the axis  of the aperture i n  the masking surface,  where i s  given by 
equation (4-73) and 0 i s  constant. An e l l i p t i c  o r b i t  can be simulated 
by addi t ional ly  displacing the axis o f  rotat ion a distance d away from 
the source position (toward the t a r g e t  volume) in the direct ion 0 for 
which the value of o i s  a maximum. To simulate an e l l i p t i c  o r b i t ,  the 
displacement d between the source a n d  the axis  of ro ta t ion  i s  

and which passes 
For most 

o 

I f  a c i r c u l a r  o r b i t  i s  

x 

(4 -74)  

L 

where omax and omin a re  respectively the maximum a n d  minimum values of 

0 for the o r b i t .  The corresponding displacement x between the axis  of  
rotat ion and the center of curvature of the spherical  masking surface i s  

(4-75) 

Because the direction o f o r  which i s  a maximum var ies  with time 
( s e e  equations (4-31) and  (4 -42)  1 , the  d i rec t ion  of the  displacement d 
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must be v a r i e d  w i t h  t ime.  T h i s  can be accomplished by r o t a t i n g  t h e  a x i s  

o f  r o t a t i o n  o f  t h e  s p h e r i c a l  masking s u r f a c e  about  a p a r a l l e l  a x i s  which 

passes th rough t h e  source p o s i t i o n .  

I n  o r d e r  t o  s i m u l a t e  any g iven o r b i t ,  t h e  i n p u t  power t o  t h e  modules 

must be v a r i e d ,  see equat ions  (4-57) and (4 -62) .  The maximum power i n p u t  

occurs when 8 = 180° . The minimum power i n p u t  occurs  when 0 - < 0 . 

When an o r b i t  i s  be ing  s imu la ted  i n  t h e  Space Environment S imu la to r ,  

see f i g u r e  4-28, t h e  f i e l d  masks a r e  r o t a t e d  so t h a t  t h e  ang le  o 
t h e  s o l a r  f i e l d  a x i s  and t h e  a r r a y  f i e l d  a x i s  v a r i e s ,  w i t h  t ime ,  w i t h i n  

t h e  range between omax = 1800 and omin = 0 . Because o f  d imens iona l  

r e s t r i c t i o n s  imposed by t h e  presence o f  t h e  S o l a r  R a d i a t i o n  S imu la to r ,  i t  

between 

w i l l  p robab ly  n o t  be p o s s i b l e  

m a i n t a i n  u n i f o r m i t y  th roughout  

r o t a t i o n  o f  t h e  f i e l d  masks i s  

when t h e  va lue  o f  o g i v e n  by 

appears f rom t h e  da ta  p l o t t e d  

o decrease o a l l  t h e  way t o  0 and s t i l l  

t h e  e n t i r e  t a r g e t  volume. However, i f  t h e  

h a l t e d  a t  o = 90° f o r  t h a t  p e r i o d  o f  t i m e  

equa t ion  (4-42)  i s  l e s s  than 90° , i t  
n f i g u r e s  4-3 th rough 4-18 t h a t  t h e  e r r o r  

t hus  i n t r o d u c e d  w i l l  be n e g l i g i b l e .  For  t h a t  p e r i o d  o f  t i m e  when t h e  va lue  

of o g i v e n  by equa t ion  (4-42) i s  l e s s  than  0 , t h e  S o l a r  R a d i a t i o n  

S i m u l a t o r  i s  t u r n e d  o f f .  

It i s  d e s i r a b l e ,  i n  o r d e r  t o  reduce r e - r e f l e c t i o n s  and m in im ize  t h e  

l o a d  on t h e  c ryogen ic  w a l l s ,  t h a t  each module a l s o  be equipped w i t h  an 

a d d i t i o n a l  mask, c a l l e d  t h e  t a r g e t  mask. The a p e r t u r e  i n  t h e  t a r g e t  mask 
i s  s i z e d  and posi t l :nned sc! t . h a t  r a d i a n t  f l u x  can be e m i t t e d  f rom t h e  module 

o n l y  i n t o  t h e  f i e l d  subtended by t h e  t a r g e t  volume a t  t h e  module. 

ERROR ANALYSIS 

E r r o r  I n t r o d u c e d  by F a i l u r e  t o  S imu la te  t h e  Smoothly 

Continuous F i e l d  Subtended by t h e  E a r t h  

Because t h e  modules o f  the P l a n e t a r y  R a d i a t i o n  Environment S imu la to r  a r e  

o f  f i n i t e  s i z e ,  t h e r e  w i l l  be a f i n i t e  d i s t a n c e  between a d j a c e n t  modules i n  

t h e  a r r a y .  Thus, i t  i s  n o t  p o s s i b l e  t o  s i m u l a t e  t h e  smooth ly  cont inuous  f i e l d .  
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subtended by  t h e  e a r t h .  F u r t h e r ,  because o f  t h e  f i n i t e  d i s t a n c e  between 

a d j a c e n t  modules i n  t h e  a r r a y ,  t h e  module d e n s i t y  seen o v e r  t h a t  p o r t i o n  

o f  t h e  a r r a y  r e f e r e n c e  s u r f a c e  con ta ined  w i t h i n  t h e  f i e l d - o f - v i e w  t o  t h e  

s i m u l a t e d  e a r t h  [see e q u a t i o n  (4-27)] w i l l  v a r y  as t h e  p o s i t i o n - o f - v i e w  

v a r i e s  w i t h i n  the t a r g e t  volume. T h i s  v a r i a t i o n  i n  t h e  module d e n s i t y  

seen f rom va r ious  p o s i t i o n s  w i t h i n  t h e  t a r g e t  volume r e s u l t s  i n  a c o r r e s -  

ponding v a r i a t i o n  i n  t h e  i r r a d i a n c e  exper ienced by t a r g e t  s u r f a c e  elements 

l o c a t e d  a t  these same p o s i t i o n s ,  see equa t ion  (4 -28) .  

For  seve ra l  reasons ( p r i m a r i l y  economic) i t  i s  d e s i r a b l e  t h a t  t h e  

P l a n e t a r y  R a d i a t i o n  Environment S i m u l a t o r  c o n s i s t  o f  t h e  fewes t  p o s s i b l e  

number o f  modules. There fo re ,  performance c h a r a c t e r i s t i c s  were c a l c u l a t e d ,  

f o r  v a r i o u s  arrangements o f  modules on a r r a y  r e f e r e n c e  su r faces  o f  v a r i o u s  

geometr ies,  f o r  what was op ined  t o  be t h e  p robab le  minimum module d e n s i t y .  

D e n s i t i e s  o f  0.180118 modules-per-square- foot  and 0.158317 modules-per-  

square - foo t  were assumed; t h e  co r respond ing  va lues  o f  t h e  rnaximum r a d i a n t  

power o u t p u t  r e q u i r e d  p e r  module a re ,  app rox ima te l y ,  370 w a t t s  and 425 w a t t s .  

The geomet r i ca l  and o p e r a t i o n a l  parameters f o r  t h e  optimum a r r a y  con f igu ra -  

t i o n s  determined f o r  t hese  module d e n s i t i e s  (denoted, r e s p e c t i v e l y ,  as 

a r r a y  c o n f i g u r a t i o n  1 and a r r a y  c o n f i g u r a t i o n  2 )  a r e  l i s t e d  i n  t a b l e  4-1. 

A s c a l e  drawing o f  t h e  Space Environment S i m u l a t o r ,  i n c l u d i n g  a r r a y  con- 

f i g u r a t i o n  1, i s  shown i n  f i g u r e  4-30. The approx imate boundary of t h e  

r e f e r e n c e  su r face  o f  a r r a y  c o n f i g u r a t i o n  1 i s  i n d i c a t e d ,  f o r  v a r i o u s  o r b i t a l  

a l t i t u d e s ,  by the  dashed l i n e s  i n  f i g u r e  4-30. 

E r r o r  I n t r o d u c e d  by F a i l u r e  t o  S imu la te  t h e  V a r i a b l e  

I r r a d i a t i o n  of the  E a r t h  by t h e  Sun 

For  economic reasons, i t  i s  n o t  p r a c t i c a l  t o  p r o v i d e  each module w i t h  

an i d e n t i c a l  graded f i e l d  mask t o  s i m u l a t e  t h e  v a r i a b l e  i r r a d i a t i o n  of t h e  

e a r t h  by  t h e  sun. There fo re ,  t h e  e a r t h  w i l l  be s i m u l a t e d  as a s p h e r i c a l  

Lambert ian r a d i a t o r  whose r a d i a n c e  i s  un i fo rm and equa l  t o  t h e  average 

r a d i a n c e  seen a t  t h e  e a r t h ' s  s u r f a c e .  

i n  t h e  i r r a d i a n c e  exper ienced by  s u r f a c e  elements whose normals l i e  i n  t h e  

d i r e c t i o n  toward the  c e n t e r  of t h e  s i m u l a t e d  e a r t h ,  t h e r e  w i l l  be an e r r o r  

A l though  t h i s  w i l l  i n t r o d u c e  no e r r o r  
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131-10’’ 

Figure 4-30. The Space Environment Simulator a t  
NASA Goddard Space Flight Center. 
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i n  t h e  i r r a d i a n c e  exper ienced by t a r g e t  s t i r f ace  elements whose normals do 

n o t  l i e  i n  t h i s  d i r e c t i o n .  

De f ine  ~1 and B as t h e  d i r e c t i o n  an.gles o f  t h e  normal t o  t h e  t a r g e t  

sur face  element w i t h  r e s p e c t  t o  the  d i r e c t i o n  t o  t h e  c e n t e r  o f  t h e  e a r t h ,  

see f i g u r e  4-1. D e f i n i n g  Ee as t h e  i r r a d i a n c e  produced on a t a r g e t  

s u r f a c e  element by  r a d i a n t  f l u x  t h e r m a l l y  e m i t t e d  from t h e  e a r t h  (assuming 

t h a t  t h e  e a r t h  i s  a s p h e r i c a l  Lambert ian r a d i a t o r )  and d e f i n i n g  Ee  + Ea 
as t h e  t o t a l  i r r a d i a n c e  produced on t h e  t a r g e t  s u r f a c  

r e f l e c t e d  and e m i t t e d  r a d i a n t  f l u x  emanating f rom t h e  

e r r o r  S i n  t h e  i r r a d i a n c e  exper ienced by t h e  t a r g e t  

t roduced by f a i l u r e  t o  s i m u l a t e  the  v a r i a b l e  i r r a d i a t  

sun, i s  g i v e n  by 

where E and E + Ea denote, r e s p e c t i v e l y ,  t h e  
0 

element by  b o t h  t h e  

e a r t h ,  t h e  pe rcen t  

s u r f a c e  element,  i n -  

on o f  t h e  e a r t h  by t h e  

(4-76)  

va lues  o f  Ee and 

Ee + E when ~1 = 0. The e r r o r  S i s  a maximum when t h e  ang le  Y , a t  

t h e  c e n t e r  o f  t h e  e a r t h ,  between t h e  d i r e c t i o n s  t o  t h e  sun and t o  t h e  t a r g e t  

s u r f a c e  element i s  90°. The percent  e r r o r  S , i n t r o d u c e d  by f a i l u r e  t o  

s i m u l a t e  the  v a r i a b l e  i r r a d i a t i o n  o f  t h e  e a r t h ,  was c a l c u l a t e d  u s i n g  t h e  

computer program SPACE and i s  p l o t t e d  versus y , i n  f i g u r e s  4-31 th rough  

4-36, f o r  y = 900 and f o r  o r b i t a l  a l t i t u d e s  h f rom 200 t o  700 m i l e s  i n  

a 

i G G - r l i i  i ilc,-emefits. C--m I lulll + h n r o  L l l c a L  C , < , y u ,  n i i r n c  L + ,  the  e r r n r  S becomes q u i t e  l a r g e  

as ~1 i nc reases ;  however, f rom f i g u r e s  4-13 th rough 4-18, t h e  t o t a l  i r r a d i -  

ance exper ienced by  t h e  t a r g e t  su r face  element decreases as 

thereby  redcicing t h e  e f f e c t  o f  the e r r o r  t o  r e l a t i v e  i n s i g n i f i c a n c e .  

example, when h = 400 m i l e s ,  y = 90° , CL = 90° and B = Oo , t h e  i r r a d i a n c e  

e r r o r  i s  13.8% b u t  i n  a b s o l u t e  terms i s  o n l y  0.876 wa t t -pe r -square - foo t .  

When h = 400 m i l e s ,  y = 900, ~1 = 1 3 5 O  and B = Oo , t h e  i r r a d i a n c e  e r r o r  

i s  25.6% b u t  i n  a b s o l u t e  terms is  o n l y  0.015 wa t t -pe r -square - foo t .  The i n -  

s i g n i f i c a n c e  of t h i s  e r r o r  can a l s o  be seen by comparing f i g u r e  4-4 w i t h  

f i g u r e s  4-13 th rough  4-18. 

~1 i nc reases ,  

Fo r  
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Error Introduced by Failure t o  Simulate the 
Field Subtended by the Earth 

If  the f i e ld  subtended by the simulated earth i s  not  co r rec t ,  then in 
order t o  achieve the required irradiance on the ta rge t  surface elements 
whose normals l i e  in the direct ion toward the center of the simulated ear th ,  
t h e  axial intensi ty  I of the radiant f lux from each module must be 

[from equation (4-19)]  
'e 

I o  s i n %  
- - 

IO e si  n20e 
(4-77)  

where o 
simulated , 

and 

module i f  the simulated ear th  subtended the correct  f i e l d  half-angle 0 . 
From f igure 4-4 ,  the irradiance e r ror  experienced, by ta rge t  surface e le -  
ments whose normals do not  l i e  in the direct ion toward the center  of the 
ear th ,  increases as the angle ~1 (between the normal t o  the ta rge t  surface 
element a n d  the direction t o  the center of the simulated ear th)  increases.  
For example, i f  a 200 mile o r b i t  i s  simulated with a f i e l d  which corresponds 
t o  t h a t  of a 700 mile o r b i t ,  then (from f igure  4-4)  when 
irradiance i s  73% of the correct value. When ~1 = 1200 , the i r radiance 
i s  41% of the correct value. Defining E as the i r radiance (watts-per- 

square-foot) experienced by the ta rge t  surface element when 
(from f igure 4-4)  when ~1 = 90° , the irradiance e r ro r  i s  -0.09 E watts- 

i s  the f i e l d  half-angle subtended by the earth a t  the o r b i t  being 
i s  the f i e l d  half-angle subtended by the simulated ea r th ,  

i s  the axial radiant in tens i ty  which would be required of each I o  

~1 = 90° , the 

~1 = O o ;  then 

per-square-foot; when ~1 = 120° , the irradiance e r ror  i s  -0.066 E watts- 

per-square-foot. 
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Error Introduced by Failure of the Modules t o  
Produce Radiant Flux with the Correct Spectrum 

I n  order t o  compensate f o r  the  e r r o r  introduced by the f a i l u r e  of the 
modules t o  produce radiant f lux  with the correct  spectrum, the axial  
in tens i ty  I of the radiant  f lux emitted by each module must be 

'e 

I = (k) Io (4-78) 

where 

flux emitted by each module h a d  the correct  spectrum, 
of the material f o r  the correct  spectrum, and  Pe i s  the absorptance of 

the material f o r  the spectrum of the radiant f lux emitted by the module. 
P The correction fac tor  - can be determined f o r  various materials using 
'e 

the data presented in Appendix V .  If  the spacecraft  i s  coated with several 
materials and i f  the correction factor  i s  d i f fe ren t  f o r  each mater ia l ,  then 
i t  i s  n o t  possible t o  t o t a l l y  compensate f o r  spectral  mismatch. 
by analyzing the geometry of the spacecraft and weighting the various correc- 
t ion fac tors  (perhaps on an area b a s i s ) ,  i t  i s  possible t h a t  a compromise 
correction fac tor  can be determined. 

I o  i s  the axial in tens i ty  which would be required i f  the r a d i a n t  

P i s  the absorptance 

However, 
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SECTION 5 
CONCLUSIONS 

As a r e s u l t  of t h i s  study, i t  has been concluded t h a t  i f  the following 
requirements are  s a t i s f i e d ,  the Planetary Radiation Environment of the ear th  
a t  a given location i n  space can be closely approximated by locating an 
array of modules on a reference surface of a r b i t r a r y  shape. 

1. 

2. 

3. 

4. 

5. 

6 .  

The modules must be uniformly d is t r ibu ted  over the array 
reference surface.  

The array reference surface must be large enough and so 
located t h a t  i t s  boundary cannot be seen, within the f i e l d  
subtended by the simulated e a r t h ,  from any posit ion within 
the target  volume. 

The number of modules used must be grea t  enough t h a t  the 
density of the modules, over tha t  portion of the array 
reference surface which i s  contained within the f i e l d  sub- 

tended by the e a r t h ,  as seen from a l l  par ts  of the t a r g e t  
volume, i s  uniform within the specif ied tolerance on the 
uniformity of the irradiance within the t a r g e t  volume. 

Each module must be oriented so t h a t  i t s  axis coincides 
with the local normal t o  the array reference surface.  

The intensi ty  of the radiant f lux emanating from each 
module must be proportional t o  the cosine of the angle 
between the direct ion of emission and  the axis  of the 
module. 

The axial in tens i ty  of the radiant f lux emanating from 
each module must be the same f o r  a l l  modules. 
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7 .  Each module must be equipped with a f i e l d  mask which 
r e s t r i c t s  the angular divergence of the radiant  f lux 
emanating from each module t o  within an angle Q with 
respect t o  the direction t o  the center of the simulated 
ear th .  
a t  the location in space whose environment i s  being 
s i  m u  1 ated . ) 

( 0  i s  the f i e l d  half-angle subtended by the ear th  

I t  has fur ther  been concluded t h a t ,  in order t o  simulate any o r b i t  
in real time, the radiant power o u t p u t ,  a n d  the location and or ientat ion 
of the f i e l d  masks, must be varied i n  an ident ical  manner f o r  a l l  of the 
modules. 

Final ly ,  i t  has been concluded t h a t  the  simulation f i d e l i t y  i s  more 
a function of economic rather  t h a n  of technological fac tors .  For example, 
the uniformity of the irradiance within the ta rge t  volume of the simulator 
i s  a function, not only of the uniformity of the module densi ty ,  b u t  a l so  
of the module density i t s e l f .  Tha t  i s ,  the more modules t h a t  a re  used, 
the more uniform the i r radiance within the t a r g e t  volume becomes. 
the s i m u l a t i o n  f i d e l i t y  could be increased by equipping a l l  of the modules 
w i t h  identical  f i l t e r s  ( i . e . ,  graded f i e l d  masks) in order t o  simulate the 
var iable  i r rad ia t ion  o f  the earth by the sun a n d  the local variations in 
the albedo and  emissivity of t h e  e a r t h ' s  surface.  

Also, 

l -  
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APPENDIX I 

RADIOMETRIC TERMS AND MATHEMATICAL SYMBOLS 

TERM1 NOLOGY 

Absorptance - The r a t i o  of the absorbed flux t o  the f lux  incident on a 
surface.  Also, the r a t i o  of the flux absorbed by any substance t o  
t ha t  absorbed under the same conditions by a blackbody. Also cal led 
absorpt ivi ty .  

Absorptance, Spectral - Absorptance as a function of wavelength. 

Albedo - The albedo of an object i s  the f rac t ion  of the incident energy 
(within the e n t i r e  spectral  band from the u l t r av io l e t  t o  the f a r  
in f ra red)  which i s  reflected by the object .  

Angle of Emission - The angle between the normal t o  a radiating surface 
and the  emitted ray. 

Angle of Incidence - The angle between the normal t o  a re f lec t ing  or 
re f rac t ing  surface and the incident ray. 

Angle of Reflection - The angle between the normal t o  a re f lec t ing  surface 
and the re f lec ted  ray. 

Angle of Refraction - The angle between the nornial t o  2 refract ing surface 
and the refracted ray. 

Blackbody - A body which absorbs 6:: t h e  radiant energy which s t r i k e s  i t ;  
a perfect  rad ia tor  and a perfect absorber. A contraction of the term 
ideal blackbody. Also called ideal rad ia tor ,  f u l l  rad ia tor ,  complete 
radiator .  

Flux - see Radiant F l u x .  - 
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Irradiance - The incident radiant f lux per u n i t  area ( t h i s  term i s  analogous 
t o  the photometric term i 1 luminance) . 

Lambertian R a d i a t o r  - A source whose radiance i s  independent of the angle 
of emission a n d  whose radiant in tens i ty  i s  proportional t o  the cosine 
of the angle of emission. 

Lambertian Reflector - Sometimes called a Lambert diffuse r e f l e c t o r .  A 

surface which diffusely r e f l e c t s  a l l  of the unabsorbed incident radiant 
- f lux  such t h a t  the radiance of the surface i s  constant. 
Lambertian re f lec tor  serves as the apparent source of the ref lected 
radiant f l u x . )  The r a d i a n t  in tens i ty  of the flux ref lected from a 
Lambertian re f lec tor  i s  proportional t o  the cosine of the angle of 
ref1 e c t i  on. 

(The 

Normal - Sometimes called the "perpendicular." An imaginary l i n e  forming 
r i g h t  angles with the plane tangent t o  a surface a t  a given point. 
I t  i s  used as a basis f o r  determining angles of emission, incidence, 
r e f l e c t i o n ,  and  re f rac t ion .  

Radiance - The radiant in tens i ty  per uni t  of the projected area of an ex- 
tended source. (This term i s  analogous t o  the photometric term 
luminance, sometimes cal led br ightness . )  

Radiant Emittance - The radiant f lux emitted per un i t  of area of a source. 
(This term i s  analogous t o  the photometric term luminous emittance. ) 

Radiant F l u x  - Radiant energy t ransferred per un i t  of time. (This term i s  
analogous t o  the photometric term luminous f l u x . )  
radiant power, the MKSA unit  of radiant f lux  i s  the w a t t .  

Also cal led 

Radiant In tens i ty  - 
direct ion.  
in tens i ty  . ) 

radiated per uni t  of so l id  angle a b o u t  a specif ied 
(This term i s  analogous t o  the photometric term luminous 
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Reflectance - The r a t i o  of the ref lected f lux t o  the incident f lux.  
Unless qua l i f ied ,  t h i s  term applies t o  specular ( regular )  re- 
f lec t ion .  Also called r e f l e c t i v i t y .  

Reflectance, Diffuse - The r a t i o  o f  the flux ref lected diffusely i n  a l l  
d i rect ions t o  the t o t a l  incident flux, specular re f lec t ion  excluded. 

Reflectance, Spectral - Reflectance as a function of wavelength. 

Solar  Constant - Irradiance on a surface,  oriented normal t o  the direct ion 
from the surface t o  the sun, located outside the atmosphere a t  mean 
earth-sun distance.  The solar  constant has been variously measured 
from 1322 t o  1430 watts-per-square-meter (122.82 t o  132.85 watts-per- 
square-foot).  For t h i s  study, the so la r  constant was taken as 130.00 
watts -per-square -f o o t  ( 1400 wat ts-per-square-me t e r )  . 

Solid Angle - Measured by the 
t o  the square of the r a d  
i s  the s teradian.  

r a t i o  of an area on the surface of a sphere 
us of the sphere. The u n i t  of sol d angle 

Steradian - The uni t  of sol id  angle. A sol id  angle o f  one steradian 
encloses an area on the surface of a sphere which i s  equivalent t o  
the square of the radius of the sphere. A sphere subtends a so l id  
angle of 4~ steradians a t  i t s  center.  

Thnmm,  I I I ~ ~ ~ ~ ~ ~ ~  E m i s s i m  - The prncess whereby an object t ransfers  heat t o  i t s  
surroundings in the form of radiant energy. 
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SYMBOLOGY 

Symbols f o r  the Radiometric Parameters: 
Symbol Radiometric Parameter 

A A1 bedo 
B Radiance 
E I rradi ance 
F Radiant Flux 
I Radiant Intensi ty  
W Radiant Emittance 

Vector Notation: 
Unit vectors are ident i f ied  by a circumflex ( A )  placed over an English 

or Greek l e t t e r  symbol, e . g . ,  F. . 

General vectors a re  ident i f ied  by an arrow (+) placed above an English 
or Greek l e t t e r  symbol, e .g . ,  . 

Scalars are any English o r  Greek l e t t e r  symbols which a re  n o t  ident i -  
f i ed  as a vector by placing ( - )  o r  (+) above the l e t t e r  symbol. 

L, M ,  N designate the direct ion cosines of a vector. 

- A  

i ,  j ,  designate the uni t  orthogonal t r i a d  ( i, 3 ,  and k are  uni t  

vectors in the x-di r e c t i  o n ,  the y-di r e c t i  o n ,  and the z-di rect ion , 
respectively) . 

Eauation of  a unit  vector: 

Equation of a general vector: - 
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l -  

L , e des ignate  t h e  d i r e c t i o n  ang les  o f  a v e c t o r  i n  a s p h e r i c a l  

c o o r d i n a t e  system, where e i s  t h e  l o n g i t u d e  and $ i s  t h e  K- 
l a t i t u d e .  i s  measured f rom t h e  z - d i r e c t i o n  and 8 i s  measured 

i n  t h e  x y - p l  ane , coun te r -c l  ockwi se f rom t h e  x - d i  r e c t i  on. Under 

these c o n d i t i o n s ,  t he  f o l l o w i n g  r e l a t i o n s h i p s  e x i s t  between t h e  

d i r e c t i o n  cos ines ( L ,  M y  N) and t h e  d i r e c t i o n  angles (Q , e ) :  
L = s i n  Q cos 8 

M = s i n  $ s i n  8 

N = cos Q 
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APPENDIX I1 
I R R A D I A N C E  P R O D U C E D  ON A TARGET S U R F A C E  ELEMENT 

BY RADIANT FLUX EMITTED BY A 
S P H E R I C A L  LAMBERTIAN R A D I A T O R  

The irradiance dE produced o n  a t a rge t  surface element dT , by an 
2 element of radiant f lux d F emitted by (or t h r o u g h )  an element o f  area 

on the surface of a source t o  the ta rge t  element, i s  equal t o  the product 
o f  the radiance B of the source element, the cosine of the angle of 
incidence q~ , a n d  the element of so l id  angle d w  subtended by the source 
element a t  the t a r g e t  element. That  i s  

d E = - -  d 2 F  - B COS + d w  (11-1) dT 

Using t h i s  equation, i t  i s  possible t o  determine the irradiance on a 
surface which i s  being i r radiated by a spherical Lambertian radiator  ( a  
source whose radiance B i s  independent of the  angle of emission, see 
Appendix I ) . 
schematically represented in figure 11-1, where dT i s  an element of area 
on the ta rge t  surface a n d  dS i s  an element o f  area on the surface of a 
spherical Lambertian source. T h e  coordinate system o f  t h i s  f igure has been 
chosen so t h a t  (1) the ta rge t  element a n d  the center of spherical source 
l i e  on the z-axis a n d  ( 2 )  the u n i t  vector fi , normal t o  the t a r g e t  surface 
e l m x ~ t ,  l i e s  i n  t h e  xz-plane a n d  makes an  angle a with the direction t o  
the center of the spherical source ( t h e  z -ax is ) .  The uni t  vector r l i e s  
in the direct ion from dT to  dS , $ i s  the angle of incidence ( t h e  
angle between r and f~ ) ,  and 4 i s  the f i e l d  half-angle subtended by 
the spherical source a t  the t a r g e t  location. 

The per t inent  geometrical re1 ationshi ps involved are  

The element of so l id  angle dw subtended by the source element dS 

may be wr i t ten ,  in terms of the direct ion angles 4 and e of a spherical 
coordinate system (see  Appendix I )  whose origin i s  a t  the ta rge t  location 
a n d  whose p o l a r  axis coincides with the z-axis ,  as 
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do = sin $ d$ d e  (11-2) ~ 

where $ i s  the angle between and the z-axis. 

The uni t  vectors 6 and r may be expressed, in terms of the uni t  
orthogonal vector t r i a d  (see Appendix I )  , as 

6 = î  s i n  a + k cos (11-3) 

F = î  s i n  4 cos e + 3 sin 0 s in  e + I; cos 4 ( I  1-4) 

T h u s ,  the angle of incidence I) ( the  angle between ? and ) i s  given by 

cos I) = Ti.? = sin a sin $ cos e + cos a cos 4 (11-5) 

I t  was noted above t h a t ,  by def in i t ion ,  the radiance B of a Lambertian 
radiator  i s  constant (independent of the angle of emission). Therefore, 
i f  equations (11-2) and  (11-5) are subs t i tu ted  in to  equation (11-1),  a n d  
s ince B i s  independent of $ and e , the expression f o r  the irradiance 
E produced on the ta rge t  element dT by the spherical Lambertian radia- 
t o r  i s  

E = B / /  ( s i n  a sin2 4 cos e t cos a s i n  $ cos $ )  d$ d e  (11-6) 

Equation (11-6) must be integrated over those $, e d i rect ions which are  
not only within the f i e l d  subtended by the source a t  the ta rge t  location 
( i . e . ,  the direct ions for which 
field-of-view from the f ront  of the ta rge t  surface element, i . e . ,  the 

d i rec t ions  f o r  which 

the geometry of f igure 11-1 t o  determine the l imi t s  of integration f o r  
equation (11-6) as the ta rge t  surface element i s  t i l t e d  w i t h  respect t o  
the z-axis ,  d i scont inui t ies  in these l imits  occur when a = - - @ ; when 

0 5 $ 5 o ) ,  b u t  which a re  a l so  within the 

TI 
0 2 + z T .  I f  these two conditions are  applied t o  

TI 

2 

. These d iscont inui t ies  require t h a t  the ; and when ~1 = - + $ 
TI IT - a - -  
2 2 

11-3 



I 
integrat ion of equation (11-6) be divided in to  four cases on the basis of  
the angle ct between the z-axis and the normal t o  the t a r g e t  surface e le -  
ment o r ,  equivalently, on the basis of what f ract ion o f  the  f i e l d  subtended 
by the source a t  the  t a r g e t  element location l i e s  within the f ie ld-of -  
view from the front of the t a r g e t  surface element. 
cases ,  f o r  which a l l  o r  par t  of the source l i e s  within the field-of-view 
from the f ront  of the t a r g e t  surface element, are  discussed i n  de ta i l  
bel ow. 

The three non-trivial  

This condition obtains when the ta rqe t  surface element i s  not t i l t e d  
so t h a t  the plane of the t a r g e t  surface element in te rsec ts  the spherical 
source. Therefore, the e n t i r e  source l i e s  w i t h i n  the  field-of-view from 
the f ront  of the t a r g e t  surface element. The simple constant l imi t s  of ~ 

I which, when integrated,  yields  the resu l t  

E = B 1 d$ 1 d e  ( s i n  ct s i n 2  cp cos e + cos c1 s i n  + cos c p )  (11-7) 
0 -T I  

E = TI B s in2 o cos ct (11-8) 

The principal fac t  t o  be observed from this  r e s u l t  i s  t h a t  the  irradiance 
on the ta rge t  surface i s  d i r e c t l y  proportional t o  cos ct so long as 

TI 0 - -  < ct < ( T -  Q) 

TI 7T 

- 2  
Case 2 .  (2 - o )  < < - 

TI From the geometry of f igure  11-1, i t  can be seen t h a t ,  when 

a t  l e a s t  half of the spherical Lambertian source can be seen within the 

c1 5 2  , 
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f i e l  d -o f  -v 

w i t h i n  t h e  

ew f rom t h e  f r o n t  of the  t a r g e t  s u r f a c e  element. 

- a), t h e  i n t e g r a t i o n  of s o l i d  ang le  d e f i n e d  by 0 4 5 (2 
equa t ion  (11-6)  w i t h  r e s p e c t  t o  e i s  u n i n t e r r u p t e d  f rom -71 t o  +IT . 
There fore ,  by d e f i n i n g  BJ1 as the i r r a d i a n c e  on t h e  t a r g e t  s u r f a c e  e lement  

F u r t h e r ,  

71 

produced by t h a t  p o r t i o n  o f  t h e  s p h e r i c a l  Lambert ian source  which can be 

seen w i t h i n  t h e  s o l i d  ang le  de f i ned  by these  l i m i t s  on 4 and e ; then 

f rom equa t ion  (11-6) ,  equa t ion  (11-9) can be w r i t t e n  f o r  J1  . 

IT - -a 71 2 

J 1  = / d4 1 de ( s i n  a s in24  cos e + cos a s i n  4 cos 4 )  

0 -7 

When equa t ion  (11-9)  i s  i n t e g r a t e d  i t  y i e l d s  

J~ = IT s i n 2  (+ - a) cos a = 71  COS^ ~1 

(11-9)  

(11-10)  

When 

c o n d i t i o n  t h a t  $ = 5 , which occurs when and a re  p e r p e n d i c u l a r ,  

($ - a) < 4 5 @ , t h e  range o f  8 has v a r i a b l e  l i m i t s  d e f i n e d  by t h e  

* 
r l y i n g  i n  t h e  p lane  o f  t h e  t a r g e t  s u r f a c e  element dT. D e f i n i n g  r as 

71 t h e  upper l i m i t  on e when 4 > (1 -a) , i t  

and t h a t  t h e  of f i g u r e  11-1 t h a t  - < r < IT 

The va lue  of r can be determined, by subs t  

71 
2 -  - 

I T T - C \  ;s f=11&ls: \ L L  J I  

can be seen f rom t h e  geometry 

lower  l i m i t  on e i s  - r .  

t u t i n g  r f o r  e i n  equa t ion  

cos ($) = s i n  ~1 s i n  4 cos r + cos a cos 4 = o 

There fo re  : 

cos r = - c t n  c t n  0 

(11-11) I 

(11-12) 

(11-13) s i n  r = JI - c t n 2  a c t n 2  4 

11-5 



s in  r r = arctan ~ (cos T! (11-14)  

I f  J 2  i s  now defined such t h a t  the  t o t a l  i r radiance E on the  t a r g e t  sur- 

face element i s  given by 

then 

E = B (51 + 52) 

0 r 

( I  1-15) 

J 2  = 1 d +  1 ( s i n  cx s i n 2 $  cos e + cos cx s in  $ cos $)  d e  (11-16)  

TI - -a  -r 2 

Since r i s  a function of $ then equation (11-16)  must f i r s t  be in t e -  
grated with respect t o  e which y ie lds  

0 

( s i n  CI s in*+ s in  r + r cos Q s i n  cos 4 )  d $  (11-17)  J J,  = 2 

77 
- -0. 2 

For convenience, J 2  may be s p l i t  i n t o  two terms such t h a t  

where 

and 
0 

P *  = 2 ( r  cos a s i n  $ cos $ )  d $  
J 

TI 
- -a 2 
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(11-19)  
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Substi tuting equation (11-13) into equation (11-19) and  simplifying yields  

CP 
, 

sin $ &n2a  - cos2$ d $  J P, = 2 

IT - - a  2 

Letting 

x = cos $I 

dx = -sin 9 d $  

then equation (11-21)  may be written as 

cos 0 

P I  = -2 sin2a - x 2  dx 
J n cos(, -a) 

which, when integrated yields  

PI = (; - c )  sin2,  - G cos 0 

where 

-- 
G = Jsin2a - cos20 

5 = arctan ___ r0; 

(11-21) 

(11-22)  

( I  1-23) 

( I  1-24) 

(11-25) 

The integrat ion of equation (11-20) f o r  

Lett ing 

P2 proceeds, by p3rt.s: as follows. 

dV = cos a sin $ cos 0 d $  ( I  1-26)  

then 
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cos s i n 2 +  V = JdV = 

Q 1 = 2 r V  

Using these parameters, equation (11-20) may be writ ten as 

0 

= r cos ~1 s i n 2 +  

71 - -a 2 

-2 / V d r  

IT 71 
- -a 2 - -a 2 

Separating the terms of t h i s  equation such t h a t  

then the f i r s t  term i s  

( I  1-27) 

(11-28) 

( I  1-29) 

P 

( I  1-30) 

IT - -  
2 

Defining 6 as the value of r when + = 0 and 5 as the value of r 
71 when + = - c1 , then from equations (11-12),(11-13) a n d  (11-14) 

cos 6 = -ctn c1 ctn Q 

s in  6 = J1 - ctn2a c t n 2 o  

s in  (cos 6 = arctan 

cos r, = -ctn c1 ctn 

s in  5 = 0 

71 - -  a) = - 1 
2 

( I  1-31) 

(11-32) 

( I  1-33) 

( I  1-34) 

(11-35) 
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5 = a r c t a n  (+) = IT 

TI S ince  c1 5~ 

IT 5 6 5~ . There fore ,  Q1 i s  g iven  by 

f o r  Case 2, then f r o m  these equat ions  i t  can be seen t h a t  

71 

Q~ = 6 cos s i n %  - 71  COS^^ 

The second te rm Q2 i s  

cos c1 c t n  c1 d+ 

J 1  - c tn24  c t n 2 a  
Q 2 z - 2  1 V d r  = / 

71 TI - -c1 2 - -c1 2 

L e t t i n g  

c t n  4 = t a n  c1 s i n  T 

- t a n  c1 cos T d-r 

1 t t an2a  s in2T 
d 4  = 

-r = a r c s i n  ( c t n  ~1 c t n  4 )  

t h e n  t h e  equa t ion  f o r  Q 2  may be w r i t t e n  as 

~ 

- COS ~1 d T  

cos2-r + sec2a s in2-r  
= J  - C O S  dT 

1 + tan2a sin2-r  
Q2  

-r1 Tl 

(11-36) 

( I  1-37) 

(11-38) 

( I  1-39) 

(11-40) 

(11-41) 

(11-42) 

where t h e  l i m i t s ,  T~ and -r2 , a r e  
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7T 
T i  = arcsin [ctn ctn (t - a)] = 7 

7T 
T~ = arcsin (c tn  a ctn a )  = 6 - 2 

Therefore 

t a n  (6 - [ cos a arctan 

From equations (11-15)¶ (11-18) a n d  (11-29) 

(11-43) 

(I 1-44) 

(11-45) 

(I 1-46) 

Subst i tut ing equations (11-lo), (11-23), (11-37) and'(I1-45) i n t o  t h i s  
equation a n d  simplifying y i e lds  the desi ed equation f o r  the i r radiance 
E 

when 

produced on the t a rge t  surface element by a spherical  Lambertian r ad ia to r  

(: - 0 )  < a 5 2 ' . This equation i s  

E = B [ u  sin2a - G cos o t (: + H) cos a sin2a + c cos2a ] (11-47) 

where 

G = J s i n 2 a  - cos20 

IT G U = - - 6 = arctan ___ 
2 (cos 0) 

ctn CL ctn 0 
1 - ctn2a ctn2a 

TT H = 6 - 2 = arctan 

c = arctan ( s i n  a J t a n 2 o  - ctn2u ) 

(I 1-48) 

(I1 -49) 

(11-50) 

(11-51) 
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71 71 
Case 3. 2 i a < (-i- t Q) 

From the geometry of f igure 11-1, i t  can be seen t h a t ,  when a > , 

l ess  than half of the spherical source can be seen within the field-of-view 
from the front  of the ta rge t  surface element. Therefore, f o r  a l l  values o f  
+ , the range of 8 i s  limited by the condition t h a t  JI = 4 . Further- 

more, i f  r i s  again defined as the upper l imi t  on e , then 0 - < r < 

and the lower l imi t  on e i s  - r  . The value of r i s  given by equation 
(11-14) .  Therefore, the irradiance E produced on a t a rge t  surface e l e -  
ment by a spherical Lambertian radiator i s  

IT 

E = B /- d $  1 ( s i n  ~1 s i n 2 +  cos e -+ cos a sin $ cos 4 )  d e  (11-52)  
I 1  a- - - r  2 

Since the form of t h i s  equation is  ident ical  with t h a t  of equation (11 -16) ,  
t h i s  equation may be integrated using the same techniques as were applied t o  

in tegra te  equation (11 -16) .  Letting P i  , Qi , and Qi represent quan-  

t i t i e s  which correspond t o  the quant i t ies  P ,  , Q1 a n d  Q2 defined f o r  

Case 2 ,  then, because TI 71 cos ( C Y  - i) = cos (F -a) = sin ~1 

p i  = p ,  = (- 71 - 5 )  s in2a - G COS $ 
2 

IT Defining c ’  as the value o f  r when @ = a - - 2 

then 

71 cos < * -  - c t n  ci ctr ,  ( E  - -1 = 1 2 

c *  = 0 and  

Qi = 6 cos a s in2@ 

(11-53)  

( I  1-54) 

(11-55) 
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Correspond ing ly ,  

t a n  ( 6  
Q; = - cos2a I E + a r c t a n  [ cos c1 f'] 1 I '  

Combining these terms so  t h a t  t h e  i r r a d i a n c e  E i s  g i v e n  by 

E = B (PI + Qi + Q;) 

y i e l d s  an express ion  which i s  i d e n t i c a l  t o  equa t ion  (11-47) .  

SUMMARY 

(11-56) 

( I  1-57) 

The i r r a d i a n c e  produced on a t a r g e t  s u r f a c e  element by a s p h e r i c a l  

Lambert ian r a d i a t o r  can be determined,  f o r  any o r i e n t a t i o n  o f  t h e  t a r g e t  

s u r f a c e  element f o r  which 0 - -  < < ($ - o) ,  by u s i n g  equa t ion  (11-8). For  

those o r i e n t a t i o n s  o f  t h e  t a r g e t  s u r f a c e  element f o r  which 

the  f i e l d - o f - v i e w  t o  t h e  source  i s  p a r t i a l l y  o b s t r u c t e d  due t o  t h e  t i l t  of 

t h e  t a r g e t  su r face  element, i n  which case equa t ion  (11-47)  a p p l i e s .  When 

($ + @ )  - -  < a < IT , t h e  source cannot be seen. 

(5  - 0 )  < ~1 < (5 + @ ) ,  
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APPENDIX I11 
IRRADIANCE PRODUCED ON A TARGET SURFACE 
ELEMENT BY R A D I A N T  FLUX REFLECTED FROM 

A SPHERICAL LAMBERTIAN R E F L E C T O R  

The irradiance dE produced on a t a r g e t  surface element dT , by an 

element of radiant f lux d 2 F  reflected from an element of area on a re- 
f l e c t i n g  surface t o  the t a r g e t  element, i s  equal t o  the product of the  
radiance B of the ref lect ing element, the cosine of the angle of incidence 
$ , and the element o f  so l id  angle dn  subtended by the re f lec t ing  
element a t  the ta rge t  element. T h a t  i s  

(111-1) 

If  the re f lec t ing  surface i s  a Lambertian r e f l e c t o r  then, by d e f i n i t i o n ,  
the radiance B of an element of area on the ref lect ing surface i s  given 
by (see  Appendix I )  

( I  11-2) 

where E S  

source and  A i s  the diffuse reflectance ( t h e  albedo) of the Lambertian 
r e f l e c t o r .  Combining these equations , the irradiance dE produced on a 
t a r g e t  surface element by radiant f lux ref lected ~ ' ~ Y X T  an zlement n f  a.rea 
on the surface of a Lambertian re f lec tor  i s  given by 

i s  the irradiance produced on the re f lec t ing  element by the 

cos I) an dE = - 
A Es 

IT 

Using t h i s  expression, i t  i s  possible t o  determine the irradiance 

The pertinent geometrical 
produced on a t a r g e t  surface by radiant f lux ref lected from a spherical 
Lambertian r e f l e c t o r  t o  the target  surface.  

(111-3) 
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r e l a t i o n s h i p s  i n v o l v e d  a re  s c h e m a t i c a l l y  represented  i n  f i g u r e  111-1, where 

dT i s  an element o f  area on t h e  t a r g e t  s u r f a c e  and dS i s  an e lement  o f  

area on t h e  su r face  o f  a s p h e r i c a l  Lamber t ian  r e f l e c t o r .  

systems o f  t h i s  f i g u r e  have been chosen so t h a t  (1) X and X ’  a r e  p a r a l l e l ,  

( 2 )  Y and Y ’  a r e  p a r a l l e l ,  and ( 3 )  t h e  cen te rs  o f  t h e  source,  t h e  

s p h e r i c a l  Lambert ian r e f l e c t o r ,  and t h e  t a r g e t  s u r f a c e  element a l l  l i e  i n  

t h e  XZ-plane (and thus  t h e  X’  Z-p lane) .  The u n i t  v e c t o r  6 i s  normal t o  

t h e  t a r g e t  element dT . The u n i t  v e c t o r  fi i s  normal t o  r e f l e c t i n g  e l e -  

ment dS . The u n i t  v e c t o r  ? l i e s  i n  t h e  d i r e c t i o n  f rom dT t o  dS . 
The u n i t  v e c t o r  f~ l i e s  i n  t h e  d i r e c t i o n  f rom dS t o  t h e  c e n t e r  o f  t h e  

source. The u n i t  v e c t o r  l i e s  i n  t h e  XZ-plane i n  t h e  d i r e c t i o n  f rom t h e  

c e n t e r  o f  t h e  s p h e r i c a l  Lambert ian r e f l e c t o r  t o  t h e  c e n t e r  o f  t h e  source.  The 

u n i t  v e c t o r s  I? , , r and may be expressed, i n  terms o f  t h e  u n i t  

o r thogona l  t r i a d  ? , , k (see  Appendix I )  and t h e  ang les  shown i n  f i g u r e  

111-1 as f o l l o w s :  

The c o o r d i n a t e  

A = f s i n  a cos 6 + 3 s i n  s i n  6 -t i; cos ( I 1  1-4) 

ii = î  s i n  T cos 8 + j s i n  T s i n  e - ii cos T (111-5) 

F = î  s i n  + cos e + .j s i n  4 s i n  e -t k cos (111-6) 

U = î  s i n  y - I? cos y (111-7) 

By d e f i n i t i o n ,  t he  cos ine  o f  t h e  ang le  o f  i n c i d e n c e  ( t h e  ang le  $ be- 

tween n and ? ) i s  

cos q, = = s i n  ~1 s i n  Q cos ( e  - B )  + cos u COS 4 (111-8) 

The element of s o l i d  ang le  dn subtended by t h e  r e f l e c t i n g  e lement  dS may 

be w r i t t e n  i n  terms o f  t h e  d i r e c t i o n  ang les  4 and e o f  t h e  u n i t  v e c t o r  

? (see Appendices I and 11) as 

dn = s i n  4 d4 do ( I  I 1-9) 

The i r r a d i a n c e  E S  produced by t h e  source on t h e  r e f l e c t i n g  e lement  
dS i s  a f u n c t i o n  of t h e  geometry, t h e  l o c a t i o n ,  and t h e  r a d i a n c e  of t h e  

111-2 
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source. 
r a d i a t o r  of rad iance Bs , i t  i s  p o s s i b l e  t o  express Es i n  terms o f  t h e  

parameters o f  f i g u r e  111-1. D e f i n i n g  p as t h e  f i e l d  h a l f - a n g l e  subtended 

by t h e  source a t  

equa t ion  I 1-8) 

I f  i t  i s  now assumed t h a t  t h e  source i s  a s p h e r i c a l  Lamber t ian  

7T dS , then (see Appendix 11) when 0 - < r 5 T - p (see 

E = 71 Bs s i n 2 p  cos r 
S 

(111-10) 

71 71 and when - p < r i - 2 + p (see equa t ion  11-47) 

= B~ [ u s i n 2 r  - G cos p + (4 + H )  cos r s i n 2 r  + c c o s 2 r ]  (111-11) 

where 

G = Js inzr  - cos2p 

c t n  r c t n  p 

1 - c t n 2 r  c t n 2 p  
H = a rc tan  

C = a rc tan  ( s i n  T Jtan2p - c t n z r )  

( I  11-12) 

(111-13) 

( I 11-14) 

(111-15) 

(111-16) 

I f  equat ions  (111-8) and (111-9) a r e  now s u b s t i t u t e d  i n t o  e q u a t i o n  (111-31, 
t h e  exp ress ion  f o r  t he  i r r a d i a n c e  E on t h e  t a r g e t  s u r f a c e  e lement ,  p ro -  

duced by the  r a d i a n t  f l u x  r e f l e c t e d  from t h e  s p h e r i c a l  Lamber t ian  r e f l e c t o r  

t o  t h e  t a r g e t  su r face  e lement ,  may be w r i t t e n  as 

E = [ s i n  ~1 s i n 2 +  cos ( e  - 6) + COS a cos + s i n  + I d +  do 
71 S 

(111-17) 
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As was t h e  case w i t h  equa t ion  (11-6) f o r  t h e  i r r a d i a n c e  produced on a 

t a r g e t  s u r f a c e  element by a s p h e r i c a l  Lambert ian source (see Appendix 11) ¶ 

t h i s  equa t ion  must be i n t e g r a t e d  over those 4 , e d i r e c t i o n s  which a re  

n o t  o n l y  w i t h i n  t h e  f i e l d  subtended by t h e  source a t  t h e  t a r g e t  l o c a t i o n  

t h i n  t h e  f i e l d -  ( t h e  d i r e c t i o n s  f o r  which 0 - < @ 5 @ ) ¶  b u t  which a r e  a l s o  w 

o f -v iew f rom t h e  f r o n t  o f  t h e  t a r g e t  s u r f a c e  element ( t h e  d 

which 0 - < JI 5 T ) .  However, t h e  i r r a d i a n c e  Es  seen a t  t h e  

s p h e r i c a l  Lambert ian r e f l e c t o r  i s  a v a r i a b l e  (and thus  i s ,  a 

bo th  0 and e )  and t h e r e  i s  an a d d i t i o n a l  c o n d i t i o n  which 

7 l  

r e c t i o n s  f o r  

s u r f a c e  o f  t h e  

f u n c t i o n  of 
must be a p p l i e d  

Th is  t h i r d  t o  de termine t h e  l i m i t s  o f  i n t e g r a t i o n  f o r  equa t ion  (111-17). 
c o n d i t i o n  r e q u i r e s  t h a t  equa t ion  (111-17) be i n t e g r a t e d  o n l y  over  those 

@ , 0 d i r e c t i o n s  which i n t e r s e c t  t h a t  p o r t i o n  o f  t h e  s u r f a c e  o f  t h e  

s p h e r i c a l  Lambert ian r e f l e c t o r  which i s  be ing  i r r a d i a t e d  by t h e  source; 

i . e . ,  t h e  d i r e c t i o n s ,  f o r  which Es> 0 . 

S ince  equa t ion  (111-17) i s  t o  be i n t e g r a t e d  i n  4 and e i t  i s  

necessary t h a t  E, (and thus  r and p ) be expressed as f u n c t i o n s  o f  

these two independent  v a r i a b l e s .  D e f i n i n g  R as t h e  r a d i u s  o f  t h e  r e f l e c -  

t o r  and D as t h e  d i s t a n c e  between t h e  c e n t e r  o f  t h e  source and t h e  c e n t e r  

of t h e  r e f l e c t o r ,  then f rom t h e  geometry o f  f i g u r e  111-1 

r = 6 + <  ( I  11-18) 

P, sir-! 5 = ( D  - R cos E )  t a n  6 

cos 5 = i . 6  = s i n  y s i n  T cos e + cos y cos T 

1 R R s i n  T = [ (=) - R cos T t a n  4 

From equa t ion  (111-21) 

( I  11-19) 

(111-20) 

( I 1  1-21) 

s i n 2 4  

s i  n20 
- s i n  @\il - s i n  4 cos @ 

s i n  o s i n  T = (111-22) 
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(111-23) 

From equa t ion  (111-19) and f i g u r e  111-1 ( 5  

tended by t h e  s p h e r i c a l  r e f l e c t o r  a t  t h e  c e n t e r  o f  t h e  source)  

i s  t h e  f i e l d  h a l f - a n g l e  sub- 

) 6 = a rc tan  (,, R ii:oz J = a r c t a n  ( c s c  5 - cos 5 
s i n  6 (I 11-24) 

From equa t ion  (111-18) 

cos r = cos (6 + t )  = cos 6 cos 5 - s i n  ti s i n  5 (111-25) 

Using t r i g o n o m e t r i c  i d e n t i t i e s ,  equa t ion  (111-24) can be s u b s t i t u t e d  i n t o  

equa t ion  (111-25) t o  e l i m i n a t e  6 . Thus 

cos 5 - s i n  5 
COS r = 

J1 - 2 cos 6 s i n  5 t s in25  
(111-26) 

S u b s t i t u t i o n  o f  equat ions (111-22) and (111-23) i n t o  equa t ion  (111-20) y i e l d s  

cos 5 = csc o ( s i n  y cos e cos + + cos y s i n  $ )  s i n  + I 
- ( s i n  y cos o s i n  + - cos y cos + ) , / s in20  - s i n 2 + ]  (111-27) 

which,  i f  s u b s t i t u t e d  i n t o  equa t ion  (111-26) ,  would y i e l d  an e x p r e s s i o n  f o r  

r i n  terms o f  t h e  two independent  v a r i a b l e s  + and e . 

From t h e  geometry o f  f i g u r e  111-1, t h e  d i s t a n c e  Ds f r om t h e  r e f l e c t i n g  

element dS t o  the  c e n t e r  o f  t h e  source i s  

( I  11-28) 

L e t t i n g  Rs be the  r a d i u s  o f  t h e  source and E: be t h e  f i e l d  h a l f - a n g l e  
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subtended by t h e  source a t  t h e  cen te r  o f  t h e  s p h e r i c a l  r e f l e c t o r ,  then t h e  

f i e l d  ha l f -ang le  p subtended by the  source a t  dS i s  g i v e n  by 

s i n  = - RS = s i n  E 

DS J 1  - 2 cos E, s i n  r, + s i n 2 <  
( I 1  1-29) 

\ ( I  I 1-30) s i n  E 
p = arcta.n 1 \ Jsin25 - 2 cos E, s i n  

I f  equa t ion  (111-27) was s u b s t i t u t e d  i n t o  equat  

t h e  r e s u l t i n g  express ions  f o r  s i n  p and f o r  p 

two independent v a r i a b l e s  0 and 8 . 

From t h e  preced ing ,  i t  can be seen t h a t  i t  

r, + C O S ~ E  J 

ons (111-29) and (111-30) ,  
would be i n  terms o f  t he  

s p o s s i b l e  t o  o b t a i n  

express ions  f o r  Es i n  terms o f  t h e  two independent  v a r i a b l e s  @ and e 

by s u b s t i t u t i n g  equat ions  (111-26) ,  (111-27) , (111-29) and (111-30) i n t o  

equa t ions  (111-10) th rough (111-16) , u s i n g  t r i g o n o m e t r i c  i d e n t i t i e s  as 

a p p r o p r i a t e .  However, i f  these express ions  a re  s u b s t i t u t e d  i n t o  equa t ion  

(111-17) ,  i t  w i l l  be seen t h a t  the comp lex i t y  o f  t h e  r e s u l t i n g  express ions ,  

coup led  w i t h  t h e  comp l i ca ted  l i m i t s  o f  i n t e g r a t i o n ,  makes i t  ex t reme ly  

d i f f i c u l t  ( i f  n o t  imposs ib le )  t o  i n t e g r a t e  t o  o b t a i n  a genera l  and 

e x a c t  express ion  ( o r  s e t  o f  express ions)  f o r  t h e  i r r a d i a n c e  E produced 

on a t a r g e t  s u r f a c e  e lement  by  the r a d i a n t  f l u x  e m i t t e d  by a s p h e r i c a l  

Lamber t i  an r a d i a t o r  and r e f l e c t e d  f rom a s p h e r i c a l  Lambert i  an r e f  l e c t o r  

t o  t h e  t a r g e t  s u r f a c e  eiei i ie i i t .  The i r r a r l , j ; l n c ~  E however, can be c l o s e l y  

approx imated by a p p l y i n g  t h e  f o l l o w i n g  numer ica l  i n t e g r a t i o n  procedure.  

I f  t h e  f i c l c !  subtended by the  s p h e r i c a l  Lambert ian r e f l e c t o r  i s  

d i v i d e d  i n t o  many sma l l  elements o f  s o l i d  ang le  and i f  these elements o f  

s o l i d  ang le  a r e  s u f f i c i e n t l y  smal l  , then i t  can be assumed t h a t  (1) t h e  

i r r a d i a n c e  E s  

t h e  s u r f a c e  of  t h e  s p h e r i c a l  Lambert ian r e f l e c t o r  which can be seen th rough 

a g i v e n  element o f  s o l i d  angle,  and ( 2 )  a l l  o f  t h e  r a d i a n t  f l u x ,  which i s  

produced by t h e  source i s  a cons tan t  over  t h a t  p o r t i o n  o f  
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ref lected from the spherical Lambertian r e f l e c t o r  and  which i s  contained 
within a given element o f  so l id  angle, s t r i k e s  the ta rge t  surface element 
a t  the same angle of incidence $ . I f  A n l j  i s  defined as the element 

of so l id  angle which i s  centered a b o u t  the direct ion ( t i  , e j ) ,  then, 

from equation (111-9) 

Integrating yields 

s i n  + d +  

At3 e .  t - 2 

e - -  
j 2  

d e  (111-31) 

(111-32) 

T h u s ,  the irradiance E produced on the ta rge t  surface element by the 
radiant f lux reflected from the spherical Lambertian r e f l e c t o r  t o  the 
ta rge t  surface element i s ,  from equations (111-3) a n d  (111-31) and assump- 
t ions (1) and ( 2 )  above, 

n m 

where A i s  the diffuse ref lectance ( t h e  albedo) of the spherical 
Lambertian re f lec tor .  From equation (111-8) 

cos + = sin s in  + i  cos ( e  - B )  
i j  j 

where c1 and 6 are the direct ion angles wh 
the ta rge t  surface element as shown in f igure 

(111-33) 

+ cos c1 cos t i  (111-34) 

ch def 
111-1. 

ne the or ientat ion of 
cos 'cij < 0 , (When 
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does 
Ani j the radiant f lux contained w i t h i n  the element of so l id  angle 

n o t  s t r i k e  the f ront  of the target  surface element. 
calculation e i t h e r  this  term of the s e r i e s  must be omitted o r ,  a l t e r n a t i v e l y ,  

To avoid erroneous 

must be s e t  equal t o  zero.) 
‘Os ‘k 

Before the irradiance Es seen on the f ront  surface of the spheri-  
i j  

can be Ani j cal Lambertian r e f l e c t o r  th rough  the element of so l id  angle 

determined, the following calculations must be made: 

From equations (111-22), (111-23) and (111-20) 

s i n  +i (cos +i - Jsin2o - s i n 2 + i )  
s in  @ 

sin T~ = (111-35) 

s in2+i  + cos +i  Js in2Q - sin2+i 
cos T i  = sin @ 

(111-36) 

COS E i j  = s i n  y sin T i cos e j + COS COS T~ (111-37) 

where o i s  the f i e l d  half-angle subtended by the spherical Lambertian 
r e f l e c t o r  a t  the t a r g e t  location and 
r e f l e c t o r ,  betweerr the d i r e c t i o n s  t o  t.he t a rge t  and t o  the center of the 
spherical Lambertian source. From equation (111-26) a n d  the trigonometric 
i d e n t i t i e s  

y i s  the angle,  a t  the center of the 

i j  r i j  = arctan cos s i j  - s i n  5 

l -  

where 5 i s  the f i e l d  half-angle subtended by the spherical Lambertian 
r e f l e c t o r  a t  the center of t h e  source. From equation (111-30) 

(iii-38) 
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(111-39) s in  E 

sin25 - 2 cos sij s in  5 + C O S ~ E  
= arctan 'i j 

where E 

source a t  the center of the r e f l e c t o r .  
i s  the f i e l d  half-angle subtended by the  spherical  Lambertian 

After making the calculat ions defined by equations (111-35) t h r o u g h  
(111-39) ,  the  value of ES i s  determined as follows: ( B s  i s  the  radiance 

of the spherical  Larnberti an source. ) 
i j  

n When 0 < r.. < - - p ( see  equation 111-10) 
i j  - z ij - 

i j  'Os r i j  
E = TI B s  sin2p 
si j 

( I I 1-40)  

TI TI - -  p i j  < r i j  < - + p .  ( see  equations 111-11 t h r o u g h  111-15) 
2 i j  When 

E = B s  [ ( U i j  + V i j  cos r i j )  s i n 2 r i j  - G i j  cos p i j  + C i j  c o s 2 r i j ]  
'i j 

(111-41)  

where 

G i j  = d s i n z r i j  - cos2p ij 

U i j  = arctan ( cosG;; j )  

ctn r i j  ctn p i j  

1 - ctn r i j  c tn  p i j  

TT 

V i j  = t arctan 

c i j  = a r c t a n  ( s i n  r i j  J t a n * p i j  - c t n 2 r i j )  

(111-42) 

( I  11-43)  

(111-44)  

(111-45)  

I 11-10 



71 
When - 2 + P i j  - < r.. 1j - < TI (see equat ion  111-16) 

ES = 0 
i j  

SUMMARY 

(111-46) 

The i r r a d i a n c e  produced on a t a r g e t  s u r f a c e  e lement  by r a d i a n t  f l u x  

e m i t t e d  by a s p h e r i c a l  Lambert ian source and r e f l e c t e d  f rom a s p h e r i c a l  

Lambert ian r e f l e c t o r  t o  t h e  t a r g e t  s u r f a c e  element can be determined,  t o  

a c l  ose approx imat i  on , u s i n g  t h e  numeri c a l  i n t e g r a t i o n  process d e f i  ned by  

equa t ion  (111-33).  

(111-32) and equat ions  (111-34) through (111-45) a re  u t i l i z e d .  

I n  pe r fo rm ing  the  numer ica l  i n t e g r a t i o n  , equa t ion  

111-11 



APPENDIX IV 
COMPUTER PROGRAMS 

Several computer programs were writ ten for  and u t i l i z e d  in t h i s  study 
of the charac te r i s t ics  a n d  the simulation of the Planetary Radiation 
Environment. A brief description o f  each computer program, including a 
l i s t  o f  the basic equations u t i l i zed  t o  generate each program, i s  given 
below. 

Program - SPACE 

For each specified location i n  the v ic in i ty  of the e a r t h ,  t h i s  computer 
program calculates  the irradiance components a n d  the t o t a l  irradiance 
experienced by a ta rge t  surface element a t  t h a t  location as a function o f  

the or ientat ion of the ta rge t  surface element. In making the ca lcu la t ions ,  
i t  i s  assumed t h a t :  (1) the sun i s  a spherical Lambertian rad ia tor ;  ( 2 )  
the earth i s  in a s t a t e  of thermal equilibrium; ( 3 )  the ear th  emits radiant 
f lux  as a spherical Lambertian radiator ;  a n d  ( 4 )  the ear th  r e f l e c t s  r a d i a n t  
f 1 u x  as a spherical Lamberti an ref l e c t o r .  The geometri cal re1 a t i  onshi ps 
involved are  i l l u s t r a t e d  in figure IV-1 where: ~1 a n d  B are the direct ion 
angles ( see  Appendix I )  o f  the u n i t  vector i? normal t o  the t a r g e t  surface 
element and define the orientation of the ta rge t  surface element; 
the  angle,  a t  the center o f  the  e a r t h ,  between the direct ions t o  the sun a n d  
t o  the t a r g e t  element; h i s  the distance between the ta rge t  surface e le -  
ment a n d  the e a r t h ' s  surface (the orb i ta l  a l t i t u d e ) ;  E i s  t h e  f i e l d  half-  
angle subtended by the assumed spherical sun a t  the center of the ear th ;  
R i s  the radius of the assumed spherical earth;  and  D i s  the distance 
between the centers o f  the s u n  dnci t h e  e ~ r t h .  
t ions ,  the computer program assigns values t o  E , R ,  and D as follows: 

y i s  

Refnrp makinq any calcula- 

E = 0°16' (Field half-angle subtended by the sun) 
R = 3958.89 miles (Radius of a sphere having the same volume 

as the ear th)  
D = 92,900,000 miles (Mean radius of the e a r t h ' s  o r b i t )  

IV-1 



N 

i 
# i 

I V - 2  



- 
Es - 

0 

The parameters 

i n c l u d e d  i n  t h e  

130 wat ts -per -square- foo t  ( t h e  s o l a r  c o n s t a n t )  

h , Y and A ( t h e  average a lbedo o f  t h e  e a r t h )  must be 

i n p u t  da ta  t o  t h e  computer program. 

Equat ions U t i l i z e d  t o  C a l c u l a t e  the  I r r a d i a n c e  Due t o  Rad ian t  

F l u x  Emi t ted  bv t h e  Sun 

The f o l l o w i n g  equat ions ,  which d e f i n e  t h e  i r r a d i a n c e  E, on a t a r g e t  

s u r f a c e  element due t o  r a d i a n t  f l u x  e m i t t e d  by t h e  sun i n  terms o f  t h e  

geomet r i ca l  r e l a t i o n s h i p s  o f  f i g u r e  I V - 1 ,  were determined by making para-  

m e t r i  c s u b s t i  t u t i  ons i n t o  t h e  equat ions  o f  Appendix 11. 

From t h e  geometry o f  f i g u r e  I V - 1  

r 1 

1 D s i n  y 
R + h )  - D COS y 

0 = a r c t a n  

s i n  E s i n  o 
s i n 2 y  - s in2€ s i n 2 @  

p = a r c t a n  

( I V - 1 )  

( I V - 2 )  

cos Y = s i n  a cos B s i n  o t cos a cos o ( IV -3 )  

Given t h a t  E i s  t h e  s o l a r  cons tan t  and assuming t h a t  t h e  sun i s  a 

s p h e r i  c a i  Lamber t i  an r a d i  a to i -  , t h e  r ~ c l i a n c e  n f  t h e  qiin i s ,  f rom 

e q u a t i o n  (11-8)  
R S  

E S o  
B =  

n sin2E: 

There fore ,  when 0 - -  < Y < -p 

( I&;)  

E = TI Bs s i n 2 p  COSY 
S 

( I V - 5 )  

IV-3  



E~ = sS [ ( u  + v cos w )  s i n 2 y  - G cos + c cos2w 1 
where 

G = Jsin2ul - ~ 0 ~ 2 1 . 1  

u = a r c t a n  (&) 
c t n  Y c t n  i-1 

1 - ctn2w c t n 2 p  
v = $ t a r c t a n  

c = a r c t a n  ( s i n  ~ ~ c t n 2 y . )  

(IV-6) 

(IV-7) 

(IV-8) 

(IV-9) 

( IV-10)  

When 

thus  , 
+ Q, - -  Y < 71 , the  t a r g e t  s u r f a c e  element faces  away f r o m  t h e  sun and 

Es = 0 (IV-11) 

Equat ions U t i  1 i zed t o  C a l c u l a t e  t h e  I r r a d i a n c e  Due 

t o  Radiant  F l u x  Thermal ly  E m i t t e d  f rom t h e  E a r t h  

I f  t h e  e a r t h  i s  assumed t o  be i n  a s t a t e  o f  thermal  e q u i l i b r i u m ,  then  

the  average r a d i a n t  em i t tance  W e  of  t h e  e a r t h  i s ,  f rom e q u a t i o n  ( 4 - 5 )  

(IV-12) 

where E S  i s  the  s o l a r  c o n s t a n t  and A i s  t h e  average a lbedo of  t h e  

e a r t h .  

un i for i i i  r ad iance ,  t hen  t h e  rad iance  

0 

If t h e  e a r t h  i s  assuiiied t o  be a s p h e r i c a l  Lamber t i an  r a d i a t o r  o f  

Be  o f  t h e  e a r t h  i s  g i v e n  by 

I V - 4  



B = -  
e n  (IV-13) 

The i r radiance 

la ted  as follows. 
Ee produced by radiant f lux  emitted by the  ear th  i s  calcu- 

From the geometry of f igure  IV-1, 

0 = arcsin (A)= arctan ( R ) 
d%iKP- (IV-14) 

The i r radiance 

la ted  as follows, using the equations from Appendix 11 ,  when 

E e  produced by radiant f lux  emitted by the  ear th  i s  calcu- 

0 0 - < a 5 T - 
n 

E = 71 Be s in2@ cos ~1 (IV-15) e 

1 Ee  = Be [ ( u  + v cos a) s i n 2 0  - G cos 0 + c cos2a 

where 

G = J s i n z a  - cos20 

u = arctan (A) 
j ctn ~1 ctn 0 id 1 - ctn2a ctn20 

n V = 7 + arctan 

c = arctan ( s i n  a J t a n 2 Q  - ctn2a ) 

(IV-16) 

( I V-17) 

(IV-18) 

(IV-19) 

( I v-20) 

IV-5 



77 When 7 + cp - -  < ~1 < IT , the ta rge t  surface element faces away from the ear th  

and  thus 

E e  = 0 (IV-21) 

Equations Utilized t o  Calculate the  Irradiance Due 
t o  R a d i a n t  Flux Reflected from the E a r t h  

If  the ear th  i s  assumed t o  be a spherical Lambertian r e f l e c t o r  whose 
albedo A i s  uniform over the e n t i r e  surface,  then the irradiance E a  

produced by radiant f lux ref lected from the ear th  i s  calculated using the 
equations from Appendix 111. Thus 

n m 

E = A E, cos q~~~ n n i j  
i j  a n  ( IV -22 )  

where 

cos q , i j  = sin ~1 s in  + i  cos ( e  - 6) + cos c1 cos + i  ( IV -23 )  
j 

When the calculated value of 

s e t s  

cos q i j  i s  negative, the computer program 

cos q i j  = 0 . 

The parameter Es i s  calculated as follows. From equations (111-35) 
i j  

t h r o u g h  (111-46) 

sin2+i (cos + i  - Jsin’o - s i n ’ o i )  
s in  T~ = 

s in  o 

IV-6 

( IV -24 )  



_- 
s in2+i  + cos $i Jsin24 - sin24i 

sin Q COS Ti  = 

l -  

I -  

(IV-25) 

cos sij = sin y s i n  T cos e + cos y cos T~ (IV-26) 
i j 

s i n  5 = - R (IV-27) D 

r i j  = a r c t a n  cos t i j  - s i n  5 (IV-28) 

s i n  E (IV-29) 
s i n 2 <  - 2 cos 5 s i n  5 + cos% 

pij  = a r c t a n  

71 When 0 2 r i j  - < - pi j  

Es = IT Bs s i n 2 p i j  cos r i j  
i j  

Again, Bs i s  t h e  rad iance  o f  t h e  sun and i s  g i v e n  by equa t ion  ( IV-4 ) .  

IT < r  < -  IT 
i j  2 

When 2 - p i j  

(IV-30) 

E = B, [ (uij + v i j  cos r i j )  s i n 2 r i j  - G~~ cos p i j  + ci j  cos2r i j  j 
si j 

(IV-31) 

where 

Gij = Js in  r i j  - cos2pij 

‘ij = arc tan(  cos Giji p ) 
(IV-32) 

( 1 V-33) 

IV-7 



ctn r i j  ctn p i j  

1 - c t n 2 r i j  c t n 2 p i j  
?T 

= - t arctan Vij 2 (IV-34) 

= arctan ( s in  rijJtan2pij - c t n 2 r i j )  (IV-35) 
'i j 

< r . .  < TT , the element of area on the ear th  which l i e s  in  the TI When 2 t p i j  - ,~ - 
di rec t ion  $ i  , 6 from the t a rge t  element loca t ion ,  i s  facing away from j 
the sun and thus 

Es  = O  
i j  

(IV-36) 

Before equations ( I V - 2 2 )  t h r o u g h  (IV-36) can be u t i l i z e d  t o  ca lcu la te  
n and i t  i s  necessary t o  define the parameters 

This i s  accomplished, in the computer program, through the following 
q j  Y $i Y 0 j '  E a  9 

m . 
procedure. 

I n  the input d a t a  t o  the computer program, i t  i s  specif ied t h a t  the  
subtended by the ear th  a t  the  t a rge t  element location i s  so l id  angle 

t o  be divided i n t o  approximately N elements A Q ~ ~  . Therefore, as the 

f i r s t  s tep  in t h i s  procedure, s e t  

R 

$1 = 0 

- R - 211 ( 1  - cos ( b )  
N ARll - - -  N 

I f  6 i s  now defined s o  t h a t  

A1211 = 211 ( 1  - C O S  A )  (IV-39) 

the equations (IV-38) a n d  (IV-39) can be solved f o r  6 , which y ie lds  

IV-8 

(IV-37) 

( IV-38) 



(1 - cos @ )  J2N - (1 - cos Q) 
N - (1  - COS Q) 6 = arctan 

The parameter n ( t he  upper l imit  on i ) i s  given by 

(IV-40) 

(IV-41) 

[ I n  t h i s  and the following equations, an as te r i sk  (*)  in the exponent 
position indicates t h a t  the computed value i s  truncated t o  an integer before 
proceedi ng wi t h  the calculation . I  
Given the value o f  n , then 

0 - 6  A $  = - n 

I f ,  using equation (111-32)y m i s  defined so t h a t  

( I V-42) 

(IV-43) 

(IV-44) 

(IV-45) 

and since i t  i s  desirable t h a t  A n i j  

then from equatioiis (1'/=38) and (1\!-45) rn i s  given b y  

be approximately equal t o  nail 

(') + 0 .5  I' 2N s in  $i s in  

1 - cos Q m =  ( I V-46) 

IV-9 



Therefore, when i - > 2 

2T 

m n e i  = - 

A O i  
el = - 2 

( IV -49 )  

( IV -50 )  

Information Provided by the Computer Proqram 

( IV -47 )  

( IV -48 )  

The location o f  the ta rge t  surface element i s  defined by the input 

a )  of the ta rge t  element 
values specified f o r  y and h . The or ientat ion of the t a r g e t  surface 
element i s  defined by the direction angles (CY a n d  
surface normal. Defining 

( IV -51 )  

n a = (k) + I  ( IV -52 )  

where the values of na and A B  are  specified in the input d a t a ,  the 
values of c1 a n d  a re  varied f o r  each specified t a r g e t  locat ion,  i n  

accordance w i  t h  the expressions : 

~1 = ( i  - 1) AU ( IV -53 )  i 

where i varies from 1 t o  n u  , a n d  

a j  = (j - 1) A B  ( IV -54 )  

The following parameters a re  calculated R -  
where j varies from 1 t o  n 

IV-10 



and tabulated f o r  each or ientat ion ( a i  , 6.) 

element : 

of the ta rge t  surface 
J 

ES = Irradiance produced, on the t a r g e t  surface element, 
by the radiant f lux emitted by the sun 
equations (IV-1)  through (IV-11) ] . 

Ee = Irradiance produced, on the t a r g e t  surface element, 
by the radiant  f lux thermally emitted from the 
earth [ see equations ( IV-12)  t h r o u g h  ( IV-21)  1 . 

Ea = Irradiance produced, on the t a r g e t  surface element, 
by the radiant flux ref lected by the earth 
equations ( IV-22)  through (IV-50) ] . 

E = E + E 
S e + E a  = Total irradiance experienced by the 

ta rge t  surface element. 

E = E + E = Total irradiance produced, on the ta rge t  P e  a 
surface element, by the r a d i a n t  f lux emanating from 
the ear th .  

= Normalized irradiance produced, Ee + Ea 
E + E a  

P, z 

E 

P E  
- E =P= 

on the ta rge t  surface element, by the radiant f lux 
emanating from the ear th .  

- Normalized irradiance produced, on the - Ee 
e E  

E = - -  

t a r g e t  surface element, by the r a d i a n t  f lux ther-  
mal ly emitted from the ear th .  

IV-11 



r a t i o  between the two spectral  components of the Ea 
" = % =  

irradiance produced, on the t a rge t  surface element, 
by the radiant  f lux  emanating from the ea r th .  

s = loof - ;)= 100 [ - Ee Eeo (Eeo + Ea jj= percent 

Ee + Ea 

error  in the i r radiance produced, on the t a rge t  
surface element, by the radiant  f lux  emanating from 
the simulated ear th  i f  the ear th  i s  simulated as a 
spherical Lambertian rad ia tor  of uniform radiance. 

I n  the above parametric de f in i t i ons ,  the quan t i t i e s  E , E a n d  

E r e f e r  t o  the values calculated f o r  Ee , E a  , a n d  E , respec t ive ly ,  

when CY = 0 . 

a O  

P O  P 

Proqram - O R B V A R  

This program ca lcu la tes ,  as a function of o rb i t a l  pos i t ion ,  the 
i rradi ance E e  

and  the i r radiance Ea  

on a t a rge t  surface element whose normal l i e s  in the d i rec t ion  toward  the 
center  of the ear th .  The equations u t i l i zed  f o r  these ca lcu la t ions  a re  
e s sen t i a l ly  equations ( I V - 1 2 )  t h r o u g h  ( I V - 5 0 )  with those s impl i f ica t ions  
incorporated t h a t  resu l t  from se t t i ng  ~1 = 0 . Define n so t h a t  

produced by radiant  f lux  thermally emitted from the ear th  
0 

9 

produced by radiant  f lux  r e f l ec t ed  from the e a r t h ,  
0 

Y 

n y  = ( % ) +  1 (IV-55)  

where the value of AY i s  specif ied in the input d a t a .  The angle y , 

IV-12 



a t  the center of the earth between the direct ions t o  the sun and t o  the 
orbi ta l  posit ion o f  the ta rge t  surface element, i s  varied in accordance 
w i t h  the expression 

where 

orbi t a  
meters 

i varies from 1 t o  n . For each specif ied value 
Y 

(IV-56) 

of the 

a l t i t u d e  h , the  computer program calculates  the fo  lowing para- 

y i  : and tabulates them as a function o f  

E = Irradiance produced, by the radiant  f lux thermally 
eo emitted from the e a r t h ,  on a t a r g e t  surface e le -  

ment oriented so t h a t  ~1 = 0 . 

E = Irradiance produced, by the radiant  f lux ref lected 
by the ear th ,  on a t a r g e t  surface element oriented 
so t h a t  ~1 = 0 . 

E = Ee + E = Total irradiance produced, by the 
P O  0 a O  

radiant  f lux emanating from the e a r t h ,  on a t a r g e t  
surface element oriented so t h a t  ~1 = 0 . 

E 
Q = - -  - r a t i o  between the two spectral  components of 

0 
Ee 

the irradiance produced, on the t a r g e t  surface 
element, by the radiant  f lux emanating from the 
ea r th  i 

+ E  

= average radiant emittance of 

the e a r t h ' s  surface as seen from the ta rge t  sur- 
face element. 

0 a O  
Ee E 

- 

Wave - s in2@ s i  n 2 o  

IV-13 



Program - SUBROUTINE AREA 

Given a se t  of n points ( x i  , y i )  which 1 i e  on an a r b i t r a r y  curve 

which represents the function 

Y = f ( x )  ( I V - 5 7 )  

t h i s  subroutine numerical l y  evaluates the expression 

A =  y d x  

X 1  

(IV-58) 

using a parabolic approximation technique. 
as follows. 

The integrat ion i s  accomplished 

Given three adjacent points ( x i  , y i )  , ( x i t l  , y i t l  ) , 
on the  curve, the function may be approximated between these ( ' i t2  3 y i + 2 )  

points with the parabola given by 

4 p i  ( y  - k i )  = ( X  - h i )  2 (IV-59) 

where p i  i s  t h e  focal length of the p a r a b o l a  a n d  ( h i  , k i  

apex of the parabola with respect  t o t h e  or ig in  o f  the  coordinate system. 
If  the coordinates of the three  adjacent points a r e  subs t i tu ted  i n t o  
equation ( I V - 5 9 ) ,  the  resu l t ing  three equations can be solved simultaneously 
t o  determine expressions f o r  p i  , h i  , and k i  . T h u s ,  

loca te  the 

P .  x ?  t S .  x 2  
t T .  x f t 2  1 1  1 i t 1  1 - Q  - -  

R 
h .  = 

P i  x i  + S .  1 x i t l  + T .  1 x i+2 )  

IV-14 

(IV-60) 



where 

and 

where 

and 

If e q u a t i o n  ( IV -59 )  i s  w r i t t e n  as 

2 
y = Vi ( X  - hi) -I k i  

and s u b s t i t u t e d  i n t o  t h e  equat ion 

( IV-61)  

( IV-62) 

( IV-63)  

( IV-64)  

( IV-65)  

( IV-66) 

( IV-67)  

( IV-68)  

IV-15 



t h e  r e s u l t i n g  express ion can be i n t e g r a t e d  t o  y i e l d  

Thus, when j = 1 , t h e  q u a n t i t y  ai ,1 rep resen ts  t h e  i n t e g r a  

( IV -68 )  between xi and xitl ; when j = 2 , t h e  q u a n t i t y  ai 

t h e  i n t e g r a l  o f  equa t ion  ( IV -68 )  between xi+l and xit2 . 

( IV -69 )  

o f  e q u a t i o n  

r e p r e s e n t s  2 

As t h e  curve  between xi and xit2 approaches a s t r a i g h t  l i n e ,  t h e  

above equa t ions  become i n d e t e r m i n a t e .  There fo re ,  i f  t h e  denominator R 

of equa t ion  ( IV-60) i s  z e r o  o r  i f  G .  < 0.0001 , t h e  q u a n t i t i e s  a 

c a l c u l a t e d  u s i n g  t h e  equa t ion  

a r e  
i ,j 1 -  

( IV -70 )  

F u r t h e r ,  i f  ai i s  c a l c u l a t e d  u s i n g  t h e  l i n e a r  app rox ima t ion  r e p r e s e n t e d  

by equa t ion  ( IV -70 ) ,  the computer s e t s  

[ T h i s  p r o v i s i o n  was i n c o r p o r a t e d  i n  an e f f o r t  t o  m i n i m i z e  t h e  e r r o r  i n t r o -  

duced by s l i g h t  i naccu rac ies  i n  t h e  va lues  s p e c i f i e d  f o r  t h e  (x i  , y i ) . ]  

,j 
- 

and aitl,l = a i , 2  
- 
ai ,I 

I f  q u a n t i  t i e s  ai , j a r e  determined f o r  each o f  t h e  n-2 s e t s  o f  t h r e e  

a d j a c e n t  p o i n t s  on t h e  curve ,  then A , t h e  i n t e g r a l  o f  t h e  f u n c t i o n  between 

x and xn , i s  g i ven  by i 

n-2 

A = a  + a  t ("i ,1 2 a i  ,2 )  
1 , l  n , 2  

i = 2  

( IV -71 )  

IV-16 



Program - ABSORB, SUBROUTINE AREA 

The absorptance P of a m a t e r i a l ,  f o r  a g i v e n  source spectrum, i s  

g i v e n  by 

in a, S, d x  

A 1  
P =  . ( IV-72)  

S, dx 

A 1  

where Q, i s  t h e  s p e c t r a l  a b s o r p t i v i t y  o f  t h e  m a t e r i a l  and S, i s  t h e  

s p e c t r a l  i n t e n s i t y  o f  t h e  source. Given n va lues  o f  t h e  s p e c t r a l  

a b s o r p t i v i t y  ax o f  t h e  m a t e r i a l ,  t h i s  computer program uses SUBROUTINE 

AREA t o  c a l c u l a t e  va lues  for G and K , where 

i 

G = S A  dh 

and 

‘n 

K =\  y, dh 
J 

u =  N SA 
‘i i xi 

The absorptance P o f  t h e  m a t e r i a l ,  t h e r e f o r e ,  i s  g i v e n  by 

( I V-73) 

( IV-74) 

( IV-75) 

P = c  K 

IV-17 

( IV -76 )  



As a l t e rna t ive  input d a t a ,  the spectral  emissivity 

the spectral  in tens i ty  SA ) of the source a n d  the source 

may be spec i f ied ,  or the source may be specif ied as being a 
temperature T . If the  spectral  emissivity of the source 

i 

( r a t h e r  t h a n  

temperature T 

blackbody of  
s spec i f i ed ,  

then the spectral  i n t ens i ty  of the source i s  Calculated using the equation 

- s, - E  I x i  x i  
1 

(IV-77) 

where I i s  the normalized in t ens i ty  a t  wavelength x i  in the spectrum 

of a blackbody whose temperature i s  T . The normalized in t ens i ty  I 

a t  wavelength x i  

R a d i a t i o n  Law. T h u s ,  

'i 

'i 
in  the blackbody spectrum i s  calculated using Planck's 

N I =  
'i A? ( e X  - 1) (IV-78) 

where 

c h  
x i  k T x =  (IV-79) 

1 i s  the absolute temperature o f  the blackbody, c i s  the speed of l i g h t ,  
h i s  Planck's constant,  k i s  Boltzmann's constant ,  a n d  N i s  the 
normalization fac tor .  The parameter N , defined so t h a t  the  calculated 
in t ens i ty  values are normalized with respect  t o  the maximum in t ens i ty  in  
the blackbody spectrum, i s  given by 

where 

5 

N = (+) (en - 1) ( I V-80) 



n = -  ch 
bk (IV-81) 

and b i s  t h e  Wien d isp lacement  cons tan t .  The wavelength xm , a t  which 

t h e  maximum i n t e n s i t y  i n  t h e  blackbody spectrum occurs ,  i s  g i v e n  by 

(IV-82) - b _ -  
'm T 

I f  Xi i s  expressed i n  cent imeters  and T i n  degrees K e l v i n ,  t hen  

c = 2.997925 x 101o cent imeters /second 

h = 6.6256 x ergosecond 

k = 1.38054 x e r g / K e l v i n  degree 

b = 0.28978 cent imetereKe1v in  degree 

n = 4.9651064 

T5N = 0.29081685 cen t ime te rs5  

Program - ORBHOT, SUBROUTINE AREA 

The absorptance P o f  a m a t e r i a l  l o c a t e d  i n  t h e  P l a n e t a r y  R a d i a t i o n  

Environment i s  g i v e n  by 

(IV-83) 

where a, i s  t h e  s p e c t r a l  a b s o r p t i v i t y  o f  t h e  m a t e r i a l  and S, i s  t h e  
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spectral  intensi ty  of the radiant f l u x  incident upon the mater ia l .  
n values of t h e  spectral  in tens i ty  U of the radiant  f lux ref lected by 

Given 

'i 
the ear th  a n d  corresponding values o f  the spectral  in tens i ty  V of the 

'i 

radiant f lux thermally emitted from the e a r t h ,  the r e l a t i v e  spectral  
in tens i ty  S o f  t h e  radiant f lux incident on the material i s  given, a t  

'i 

each wavelength X i  , by 

S = Q U x + V ,  
'i i i 

( I V-84) 

where Q i s  given by 

Q = -  Ea (IV-85) 
Ee 

and  i s  the r a t i o  of the irradiance E a  , produced on the t a r g e t  surface 

element by the radiant f lux ref lected by the e a r t h ,  t o  the irradiance E e  
produced by the radiant f l u x  thermally emitted from the ear th .  
given n values o f  the spectral  absorpt ivi ty  of the material , t h i s  
computer program uses SUBROUTINE A R E A  t o  calculate  values f o r  G a n d  K, 

where 

T h u s ,  

A n  
r 

G = \ SA dx 

'n a n d  

K = \ y, dA 

( IV-86)  

(IV-87) 
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( IV -88 )  

The absorptance P o f  t h e  m a t e r i a l ,  t h e r e f o r e ,  i s  g i v e n  by 

P = F  K ( IV -89 )  

The f l u x  p e r  u n i t  a rea  H absorbed by t h e  m a t e r i a l  as heat  i s  t hen  c a l c u -  

l a t e d  u s i n g  t h e  exp ress ion  

H = P E, (1 + Q )  ( IV -90 )  

The va lues  of P and H are  then t a b u l a t e d  as a f u n c t i o n  o f  Q and t h e  

cor respond ing  va lues  o f  h ( t h e  o r b i t a l  a l t i t u d e )  and y ( t h e  ang le  a t  

t h e  c e n t e r  o f  t h e  e a r t h  between the  d i r e c t i o n s  t o  t h e  sun and t o  t h e  t a r g e t  

l o c a t i o n )  t h a t  d e f i n e  t h e  p o s i t i o n  a t  which t h e  va lues  o f  Q and E, were 

c a l c u l a t e d  u s i n g  t h e  computer programs ORBVAR o r  SPACE. 

Program - ARRAY, SUBROUTINE MODULE 

T h i s  computer program evaluates t h e  performance c h a r a c t e r i s t i c s  of an 

I n  o r d e r  t o  make t h i s  e v a l u a t i o n ,  i t  i s  f i r s t  assumed t h a t  

a r b i t r a r i l y  s p e c i f i e d  P lane ta ry  R a d i a t i o n  Environment S i m u l a t o r  a r r a y  

c o n f i g u r a t i o n .  

each module i s  des igned so t h a t  t h e r e  i s  a w e l l - d e f i n e d  p o s i t i o n  f rom 

wh ich  emanates a l l  o f  t h e  r a d i a n t  f l u x  produced by t h e  module. T h i s  

apparent  source o f  t h e  r a d i a n t  f l u x  ( h e r e i n a f t e r  r e f e r r e d  t o  as t h e  pseudo- 

sou rce )  may be t h e  r e a l  source,  an image o f  t h e  source,  o r  a super impos i -  

t i o n  o f  t h e  r e a i  source drid a i l  image o f  t h e  s o ~ r c e .  

t h a t  t h e  d i s t r i b u t i o n  o f  t h e  r a d i a n t  f l u x  emanating f rom each pseudo-source, 

a t  an ang le  

f u n c t i o n  o f  cos y between any two s p e c i f i e d  i n t e n s i t y  va lues Ii and 

i n  d i r e c t i o n s  yi and yi+l , r e s p e c t i v e l y .  That  i s ,  when ' i + l  

I t  i s  f u r t h e r  assumed 

y w i t h  respec t  t o  t h e  o p t i c  a x i s  o f  t h e  module, i s  a l i n e a r  



I =  ( I V - 9 1 )  

The array 
each module on 

configuration i s  generated by locating the  pseudo-source of 
an a r b i t r a r i l y  specif ied reference surface so t h a t  the  op t i c  

axis  of each module i s  perpendicular t o  the reference surface a t  the  
posit ion of the pseudo-source. 
being any reasonable combination of the quadric surfaces i l l u s t r a t e d  in 
f igure  IV-2. (The various geometrical parameters ident i f ied  on t h i s  f igure  
a re  a l so  those which must be specif ied in the input d a t a  t o  the computer 
program in order t o  generate the reference sur face . )  

The reference surface may be specif ied as 

As the  f i r s t  s tep  in  locating the pseudo-sources on the reference 
sur face ,  the intersect ions between the reference surface a n d  a n  appropriate 
number of xy-planes i s  determined. These xy-planes a re  defined, beginning 
with an i n i t i a l l y  specif ied xy-plane, so t h a t  the  dis tance between adjacent 
para l le l  planes,  as measured along the reference sur face ,  i s  equal t o  S , 
the  spacing parameter. The in te rsec t ion  of each xy-plane with the 
reference surface defines a c i r cu la r  ring which i s  centered a b o u t  the  z-axis .  
The pseudo-sources a re  then located a l o n g  t h i s  ring so t h a t  the  a rc  length 
between adjacent pseudo-sources, as measured along the r ing ,  i s  a l so  equal 
t o  S , the  spacing parameter. The pseudo-sources a re  symmetrically l o -  

cated,  with respect t o  the plane containing the x- a n d  z-axes, on t h a t  
portion of the reference surface which l i e s  in the +x d i rec t ion  from some 
a r b i t r a r i l y  specified yz-plane. 

A t a rge t  surface element of area may be spec i f ied  by defining i t s  
coordinates x t  , yt  , z , a n d  i t s  o r ien ta t ion  angles ,  ~1 and 13 . 
( a  

fi 

in to  the yz-plane.)  
t o  the center  of the simulated e a r t h ,  i . e . ,  the  nadir d i r ec t ion )  a b o u t  
which the f i e l d  of each pseudo source i s  masked, i s  defined by specifying 
the angle $ of f igure  IV-2 .  The f i e l d  half-angle subtended by the 

t 
i s  the angle between the t a rge t  element surface normal a n d  the x-axis ;  

i s  the angle between the z-axis a n d  the  project ion of the surface normal 
The d i rec t ion  of the array f i e l d  ax is  ( t h e  d i rec t ion  
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Figure IV-2. Geometry of a reference surface 
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simulated ear th  is  defined by specifying 0 . Defining n as the number 
of modules in the array,  then the irradiance E on the specified t a r g e t  
surface element is  determined by evaluating the equation 

n 

E =  AE 

j=1 
j 

( I V - 9 2 )  

where AE; i s  t h e  irradiance produced on the t a r g e t  sLirface element by 
J 

t h  t h  radiant f lux  from the j- module. The opt ic  axis  of the j- module 
, y j  , z , and has direct ion 

j 
in te rsec ts  the reference surface a t  x 

cosines 

respect i ve 1 y . 
w i t h  respect t o  the x - ,  y - ,  and  z-axes, 

L j  3 M j  3 N j  

The cosine of the angle T ( t h e  angle between the array f i e l d  axis 
j 

t h  and  the direct ion from the ta rge t  element t o  the j- module) i s  

(x j  - X t )  cos + ( z j  - z t )  sin 
C O S  T, = r (IV-93) 

If  cos o > cos T , then AE = 0 . If  cos @ < cos T , then the compu- 
j j j 

ta t ion  proceeds as follows. Defining L t  , M t  , and N t  as the direct ion 

cosines of the normal t o  the ta rge t  surface element, then the cosine of 
t h  the angle c, ( t h e  angle of incidence of the r a d i a n t  f lux  from the j- 

j 
module) i s  
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where 

L t  = s i n  a cos B 

M = s in  a s i n  a t 

N = COS a t 

(IV-95) 

(IV-96) 

(IV-97) 

If  cos 5 < 0 , then AE = 0 . If cos 5 > 0 , then the computation proceeds 
t h  

as follows. Defining y as the angle between the opt ic  axis of the j- 

t h  module and  the direct ion from the j- pseudo-source t o  the ta rge t  surface 
element, then 

j 

j 

- 

L j  ( X j  - xt)+ Mj ( Y j  - Y t )  + N j  ( Z j  - Z t )  
cos y = 

j 2 2 
J(Xj - X t )  + ( Y j  - Yt) + ( Z j  - Z t )  

( I V-98) 

of the 
I j  Defining i such t h a t  y i  2 y j  5 y i + l  , then the in tens i ty  

radiant f lux from the 
from equation ( IV-91) ,  

jth module in the direct ion of the ta rge t  element i s ,  

where I i  and  I i + l  are known values of the radiant in tens i ty  a t  angles 

y i t l  , respect ively,  f r o m  t h e  nFt.ic axis of the module. 'i 
t h  i r radiance contribution from the j- module i s ,  therefore ,  

and The 

I ;  cos 5 ;  
J J AE = 

j 2 2 2 

( x j  - X t )  + ( Y j  - Y t )  ( Z j  - Z t )  

(IV-100) 
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normals are i n  the 
maximum, and 

e r r o r  in the 
standard dev 

the m 
i rrad 
ation 

I n  addition t o  calculating the irradiance on each specified ta rge t  surface 
element, the computer program a l so  provides complete information concerning: 
the array geometry, the number of modules which i r r a d i a t e  each ta rge t  sur- 
face element, how many of the specified ta rge t  surface elements are  
i r rad ia ted  (and the associated f i e l d  half-angle required) by each module, 
and the to ta l  number of modules required to  i r r a d i a t e  a l l  of the specified 
t a r g e t  surface elements. The computer program a1 so determines (using the 
irradiance values calculated f o r  those ta rge t  surface elements whose 

direct ion of the array f i e l d  a x i s )  the average, the 
nimum irradiance within the t a r g e t  volume; the probable 
ance a t  any position within the t a r g e t  volume; and  the 
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APPENDIX V 
ABSORPTANCE OF VARIOUS MATERIALS 

Given a 1000-wat t  t ungs ten - iod ine  c o i l e d - c o i l  f i l a m e n t  t u b u l a r  lamp 

w i t h  a q u a r t z  envelope, t h e  sun, a 6000OK blackbody,  a l O O O O K  b lackbody,  

and a 250°K blackbody, as sources o f  i n c i d e n t  r a d i a n t  f l u x  ( t h e  spectrums 

o f  these sources a r e  p l o t t e d  i n  f i g u r e s  V - 1  th rough V-5, r e s p e c t i v e l y ) ;  

t h e  absorptance o f  each o f  t h e  f o l l o w i n g  m a t e r i a l s  was c a l c u l a t e d ,  between 

0.30 m ic ron  and 30.00 mic rons ,  us ing  t h e  computer program ABSORB (see 

Appendix 

1. 
2. 

3. 

4. 
5. 

6. 

7. 

8. 

I V ) .  

F r e s h l y  evaporated go ld ,  see f i g u r e  V-6. 

F r e s h l y  evaporated aluminum, see f i g u r e  V-7. 

Evaporated aluminum a f t e r  a tmospher ic  exposure, 

see f i g u r e  V-8. 

Lea f  aluminum p a i n t ,  see f i g u r e  V-9. 

A lumin ized m y l a r  w i t h  no p r o t e c t i v e  c o a t i n g ,  

see f i g u r e  V-10. 

ALZAC, see f i g u r e  V-11. 
Whi te  p a i n t  ( t i t a n i u m  d i o x i d e  pigment i n  a s i l i c o n e  

v e h i c l e ) ,  see f i g u r e  V-12. 

B lack  p a i n t  (CAT-A-LAC, sample l), see f i g u r e  V-13. 

The absorptance va lues  thus  determined a r e  l i s t e d  i n  t a b l e  V - 1 .  

I f  r a d i a n t  f l u x  from two d i f f e r e n t  sources i s  i n c i d e n t  on a m a t e r i a l ,  

t h e  t o t a l  absorptance P o f  the m a t e r i a l  i s  g i v e n  by 

#1, P, i s  t h e  absorptance o f  

i r r a d i a n c e .  produced by t h e  i nc 

t h e  mate 

dent  r a d  

v - 1  

where P1 i s  t h e  absorptance o f  t h e  m a t e r i a l  f o r  t h e  spectrum o f  source 

i a l  f o r  source #2, E, i s  t h e  

a n t  f l u x  f rom source #1, and E 2  
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i s  the irradiance produced by the incident radiant  f lux from source #2. 
Defining as  the irradiance produced, on a surface,  by r a d i a n t  f lux  

ref lected from the ear th  and  

surface,  by the radiant f lux thermally emitted by the ear th ,  then from 
equation (V-1) 

Ea 

E e  as the irradiance produced, on the same 

(2) pa + pe 
P =  (t) 

I f  i t  i s  assumed t h a t  the spectrum o f  the radiant  f lux ref lected from 
the ear th  i s  identical  t o  the s o l a r  spectrum, a n d  i f  i t  i s  assumed t h a t  
the spectrum of the radiant f lux thermally emitted by the ear th  i s  ident ical  
t o  t h a t  of a 250°K blackbody, then the absorptance of the various mater ia ls  

c Is 

can be calculated,  for  various values of - a , u s i n g  equation (V-2).  
Ee 

absorptance values thus determined are  l i s t e d  in  t a b l e  V - 1 .  

The 

Defining E a  and E , respect ively,  as the values of E a  and Ee 
0 

when the nofmal t o  the t a r g e t  surface i s  in the direct ion toward the center 
of the e a r t h ,  t h e  quantity Q , where 

0 Q = -  

0 

Ea 

Ee 

was calculated,  using the computer program ORBVAR ( see  Appendix IV), f o r  

various values of h ( t h e  orb i ta l  a l t i t u d e )  and y ( t h e  angle,  a t  the 
center of the ear th ,  between the direct ions t o  the sun and t o  the t a r g e t  
sur face) .  These values of Q , the corresponding values of h a n d  Y , 
the d a t a  for the assumed spectrums of the r a d i a n t  f lux re f lec ted  by the 
earth ( t h e  so la r  spectrum) and of the radiant f lux  thermally emitted by 
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the earth ( t h e  spectrum of a 2500K blackbody), and the spectral  absorpti-  
v i ty  d a t a  for the various materials,  were then processed using the computer 
program ORBHOT (see Appendix IV) t o  obtain a tabulation of the absorptance 
of each of the materials a t  each location defined by h a n d  y . The 
absorptance values thus determined f o r  each material a r e  plotted versus the 

r a t i o  between the two spectral components of the i r radiance produced 

by the radiant  f lux emanating from the e a r t h ,  in f igures  V-14 through V-21. 

E 

Ee 

t a O  (The r a t i o  7 , as calculated using the computer program O R B V A R ,  i s  

plotted versus y , f o r  h = 100 miles and h = 1000 miles,  i n  f igure  4-19. 
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Ea 
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APPENDIX V I  

R E L A T I O N S H I P  BETWEEN THE RADIANT I N T E N S I T Y  

D I S T R I B U T I O N  OF A SOURCE AND THE RADIANT 

I N T E N S I T Y  D I S T R I B U T I O N  OF THE FLUX 

AFTER REFLECTION, AS A FUNCTION OF 
THE SHAPE OF THE REFLECTING SURFACE 

I n t u i t i v e l y ,  i t  can be seen tha t  the radiant  i n t ens i ty  d i s t r ibu t ion  of 
re f lec ted  radiant  f lux  i s  a function of both the rad ian t  i n t ens i ty  d is t r ibu-  
t i o n  of the radiant  f l u x  emitted by the source a n d  the shape of the re f lec t ing  
surface.  The purpose of the  following analysis  i s  t o  define the various 
geometrical re la t ionships  which r e l a t e  the radiant  i n t ens i ty  d i s t r ibu t ion  of 
the source t o  the radiant  in tens i ty  d i s t r ibu t ion  of the re f lec ted  radiant  
f l ux .  Also,  techniques a re  suggested whereby a r e f l ec t ing  surface can be 
defined t o  provide re f lec ted  radiant  f lux  with a given ( requi red)  i n t ens i ty  
d i s t r ibu t ion  when the r e f l e c t o r  i s  used with a source which has a given 
( k n o w n )  r a d i a n t  i n t ens i ty  d i s t r ibu t ion .  T o  simplify the discussion,  i t  has 
been assumed t h a t  the source i s  of negl igible  s i z e .  

T o  begin, consider f igu re  VI-1 where a source i s  located on the axis  of 
symmetry of a re f lec t ing  surface.  The uni t  vector s defines the d i rec t ion  

of a ray emitted by the  source t o  a point ( x , y )  on the r e f l ec to r ;  t h i s  ray i s  
then re f lec ted  t o  the point Q . The uni t  vector fi i s  normal t o  the re- 
f l e c t o r  a t  the  point (x ,y)  and  the uni t  vector ? defines the d i rec t ion  from 
the  point Q t o  the point ( x , y ) .  Defining ? and J as uni t  vectors 
para l le l  t o  the  x-axis a n d  the  y-axis ,  respec t ive ly ,  t hen  5 , r! , a.nd ? 
may be expressed as 

j = i cos 4 + 3 s i n  Q ( V I - 1 )  

V I - 1  
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D e f i n i n g  6 as t h e  ang le  o f  i nc idence  which i s  equal  t o  t h e  ang le  o f  

r e f  1 e c t i  on, then 

cos 6 = i?*i = s i n  4 cos a - cos 4 s i n  a (VI-4) 

cos 6 = T i - ?  = s i n  y cos a + cos y s i n  a (VI-5)  

Combining equat ions  (VI-4)  and (VI-5) ,  t h e  s l o p e  ( t a n  a )  o f  t h e  r e f l e c t o r  

a t  t h e  p o i n t  (x ,y )  i s  

( VI -6)  

From t h e  geometry o f  f i g u r e  VI-1 

X cos I$ = 

I 4- 
(VI-7) 

(VI-8) s i n  4 = Y 
4- 

Tak ing  t h e  d e r i v a t i v e s  o f  equat ions (VI-7) and (VI-8) 

( VI -9)  

(VI -10) 

S u b s t i t u t i o n  o f  equat ions  (VI-6) and (VI-7) i n t o  equa t ion  (VI-9) y i e l d s  

(VI-11) dx - dI$ 
cos24 ( t a n  ~1 - tan  4) 

- _  
X 

VI -3 



S u b s t i t u t i o n  o f  equat ions  (V I -6 )  and ( V I - 8 )  i n t o  equa t ion  (V I -10)  y i e l d s  

(V I -12 )  

I f  t h e  angle y can be d e f i n e d  i n  terms o f  t h e  ang le  4 and v a r i o u s  

cons tan ts ,  t hen  t a n  ~1 and c t n  CY. can be expressed i n  terms o f  t h e  

v a r i a b l e  + and these same cons tan ts  see equa t ion  ( V I - 6 ) I a n d  equa t ions  

( V I - 1 1 )  and (V I -12)  can be u t i l i z e d  f o r  a pa ramet r i c  d e t e r m i n a t i o n  of x 

and y . The angle y can be d e f i n e d  i n  terms o f  t h e  ang le  4 as f o l l o w s .  

I 

Def ine dF’ as t h e  r a d i a n t  f l u x  e m i t t e d  by t h e  source a t  an ang le  + 
w i t h  r e s p e c t  t o  the  x - a x i s  o f  f i g u r e  V I - 1 .  
element o f  area on t h e  s u r f a c e  o f  t h e  r e f l e c t o r  whose normal fi makes an 

T h i s  f l u x  i s  i n c i d e n t  upon t h a t  

ang le  (5 + CY.) w i t h  t h e  x -ax i s .  D e f i n i n g  do’ as t h e  s o l i d  ang le  sub- 

tended by t h i s  sur face  element a t  t h e  source and dw as t h e  s o l i d  ang le  + 
subtended by t h i s  sur face  element a t  t h e  p o i n t  Q , then  f rom t h e  d e f i n i t i o n  

o f  s o l i d  ang le  

do’ = s i n  + d+ de (V I -13 )  

do = s i n  y dy de (V I -14 )  

D e f i n i n g  Am as the  albedo o f  t h e  r e f l e c t o r  f o r  t h e  source spectrum, I’ 

as t h e  i n t e n s i t y  o f  t h e  r a d i a n t  f l u x  e m i t t e d  by t h e  source i n  t h e  d i r e c t i o n  

+ , I as t h e  i n t e n s i t y  o f  t h e  r a d i a n t  f l u x  r e f l e c t e d  toward  Q , and dF 

as t h e  element o f  r a d i a n t  f l u x  con ta ined  w i t h i n  dw , t h e n  

dF I do - I s i n  y dy A = - = - -  
m dF’ I ’do’ I’ s i n  + d+ (V I -15 )  

If i t  i s  now r e q u i r e d  t h a t  t h e  i n t e n s i t y  o f  t h e  r e f l e c t e d  r a d i a n t  f l u x  be 

p r o p o r t i o n a l  t o  cos y , see equa t ion  ( 4 - 5 7 ) ,  t hen  f r o m  e q u a t i o n  (V I -15 )  

V I -4  



(VI-16) 

For a uniformly rad ia t ing  source ( i  . e . ,  a spherical  Lambertian source) ,  
i s  constant.  Therefore, integrating equation (VI -16) ,  the  re la t ionship  
between y a n d  + f o r  a uniformly rad ia t ing  source i s  

I ’  

(VI-17)  

For a cyl indrical  Lambertian source, I ’  i s  given by equation ( 4 - 6 5 ) .  Sub-  
s t i  tu t ing  equation (4-65)  in to  equation (VI-16) a n d  integrat ing y i e lds  the 
re la t ionship  between y a n d  + fo r  a cy l indr ica l  Lambertian source which 
i s  coaxial with the r e f l ec to r .  Tha t  i s  

(VI-18) 

where IG0 
t o  the axis  o f  the cyl inder .  

i s  the radiant  in tens i ty  of the source in the d i rec t ions  normal 

The surface configuration required f o r  a given source can be determined 
by dividing the range of @ into many small increments A$ a n d  u t i l i z i n g  
equation (VI-16)  and the trigonometric i d e n t i t i e s  t o  determine the value of 
y a t  the  center  of each in te rva l .  The value of c1 can be determined using 
equation (VI-6) a n d  the trigonometric i d e n t i t i e s  o r ,  a l t e r n a t i v e l y ,  using 
the  re la t ionship  (from f i g u i - ?  ‘/I-!) 

- $ - Y  c 1 - -  2 

I t  i s  t rue  t h a t  

(VI-19) 

(VI-20) 

X J  i -1 

VI-5 



Thus, from equat ions  (V I -11)  and 

l o g e  xi = log, Xi-1 + 

l o g e  Y i  = me 

By e v a l u a t i n g  equat  

(V I -12)  

COS A $  

cos Q~ s i n  (ai - "i) 

I s i n  ai A $  

y i - l +  [ s i n  $i s i n  (ai - $i) 

(V I -21)  

(V I -22 )  

(V I -23 )  

ons (V I -22 )  and (V I -23)  f rom an i n i t i a l  boundary 

condi  t i  on d e f  i ned by ( xo , yo) , a s e t  o f  c o o r d i n a t e s  ( x i  , yi) can be 

c a l c u l a t e d  which desc r ibe  t h e  shape o f  t h e  r e f l e c t i n g  s u r f a c e .  

To t e s t  t h e  above procedure,  su r faces  were determined,  f o r  a u n i f o r m l y  

r a d i a t i n g  source,  f o r  seve ra l  va lues  o f  C where 

Am I '  
c = - - -  

I O  

(V I -24 )  

The va lues  o f  

i n i t i a l  c o n d i t i o n s  t h a t  $o = TI - B and yo  = 650 . I t  was a l s o  s p e c i f i e d ,  

as an i n i t i a l  c o n d i t i o n ,  t h a t  yo = 1 .0  . There fo re ,  f rom t h e  geometry o f  

f i g u r e  V I - 1 ,  xo = y c t n  @o . The su r faces  thus  de termined a r e  p l o t t e d  i n  

f i g u r e s  VI-2 through VI-6,  

C were de termined u s i n g  equa t ion  (4 -82 ) ,  by s p e c i f y i n g  as 

I n  t h e  d e r i v a t i o n  o f  t h e  equat ions  used t o  de termine t h e  s u r f a c e s  r e p r e -  

of f i g u r e  
sented  i n  f i g u r e s  VI-2 th rough VI-6, t h e  d i s t a n c e  between t h e  source and t h e  

p o s i t i o n  where t h e  r e f l e c t e d  r a y  i n t e r s e c t s  t h e  a x i s  ( t h e  p o i n t  

VI -1)  was a l l owed  t o  va ry .  Because o f  t h i s  f a c t ,  t h e  r e f l e c t o r  i n t r o d u c e s  
Q 
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spherical aberration i n t o  the d is t r ibu t ion  of the ref lected radiant f lux .  
The amount of spherical aberration introduced by the surfaces plotted in 
f igures  VI-2 t h r o u g h  VI-6 was determined by locatiiig a reference plane 
normal t o  the axis a t  the intersect ion of the axis and  the i n i t i a l  ray R U V .  
By tracing rays from the source t o  the re f lec tor  and then t o  the reference 
plane and determining the distance T between the axis and the ray i n t e r -  
section with the reference plane, i t  was possible t o  determine the ray 
p a t h  f o r  which T i s  maximum. [The ray p a t h  RST plotted in f igures  VI-2 
through VI-6 represents the ray f o r  which T i s  maximum.] The range of 
T i s  a measure o f  the spherical aberration introduced by the r e f l e c t o r  a n d ,  
as can be seen from f igures  VI-2 t h r o u g h  VI-6,  increases as the value of 
C decreases. 

I I n  general ,  spherical aberration must be minimized. This can be seen 
from the f a c t  t h a t  although the r e f l e c t o r  has, i n  each case,  been defined 
t o  provide radiant f lux with the correct  in tens i ty  along each ray path,  the 
cosine in tens i ty  d is t r ibu t ion  defined by equation (4-57)  has  reference t o  
radiant f lux emanating from a well-defined posi t ion,  a posit ion which does 
not e x i s t  when spherical aberration i s  present. Further,  i f  the re f lec t ing  
surface i s  t o  be used in a module f o r  the Planetary R a d i a t i o n  Environment 
Simulator, the presence of a large amount of spherical  aberration makes i t  
extremely d i f f i c u l t  ( i f  n o t  impossible) t o  provide the required masking of 
the f i e l d  into which the module emits radiant f lux .  

From f igures  VI-2 t h r o u g h  VI-6,  the surfaces defined f o r  a uniformly 
radiat ing source (hereinaf ter  denoted as the designed surfaces)  resemble 
e l l i p s o i d s .  This indicates t h a t ,  i f  the  source were located a t  the primary 
focus of the e l l ipso id  which each designed surface most c losely resembles, 
the in tens i ty  of the radiant f lux emanating from the secondary focus would 
be approximately proportional t o  the cosine of the angle y between the 
axis and the reflected ray. 

To i l  
determi ned 

correspond 

u s t r a t e ,  consider the designed surface,  f igure  VI-6 ,  which was 
by specifying the i n i t i a l  ray R U V  so  t h a t  +o = y o  . The 

ng e l l i p s o i d ,  defined so t h a t  i t s  primary focus i s  located a t  

c 

VI-12 



R, so t h a t  i t s  seconday focus  i s  a t  V , and so t h a t  i t  passes th rough t h e  

p o i n t  U , i s  p l o t t e d  as t h e  dashed curve  i n  f i g u r e  VI-6. The zone of t h e  

des igned sur face,  a t  which t h e  i n i t i a l  r a y  i s  r e f l e c t e d ,  d e f i n e s  t h e  p lane  

o f  t h e  m ino r  a x i s  of t h e  cor respond ing  e l l i p s o i d ;  s i n c e  t h e  cor respond ing  

e l l i p s o i d  c o n t a i n s  t h i s  zone, t h e  l e n g t h  o f  t h e  semi-minor a x i s  i s  b = 1.0 
u n i t .  The d i s t a n c e  f rom t h e  p lane o f  t h e  minor  a x i s  t o  e i t h e r  focus  of t h e  

cor respond ing  e l l i p s o i d  i s  Ja2 - b2 = b c o t  $o = 0.4663 u n i t .  

t h e  cor respond ing  e l l i p s o i d  has a semi-major a x i s  o f  l e n g t h  a = 1.1034 
u n i t  and an e c c e n t r i c i t y  e = 0.4226. Fur the r ,  s i n c e  t h e  des igned s u r f a c e  

i n t e r s e c t s  t h e  o p t i c  a x i s  a t  a d i s t a n c e  o f  0.6371 u n i t  f rom t h e  source,  t h e  

des igned s u r f a c e  and t h e  cor respond ing  e l l i p s o i d  a r e  tangen t  a t  t h e  o p t i c  

a x i s  . 

, -- . 

There fore ,  

I f  t h e  des igned s u r f a c e  were an e l l i p s o i d ,  t h e r e  would be no s p h e r i c a l  

a b e r r a t i o n  and t h e  r a y  RST would pass th rough t h e  p o i n t  V . Spher i ca l  

a b e r r a t i o n  o f  t h e  same t ype  as i s  i n t r o d u c e d  by t h e  des igned s u r f a c e  

( i n d i c a t e d  by t h e  r a y  pa th  

source  toward t h e  c e n t e r  between t h e  f o c i  o f  t h e  cor respond ing  e l l i p s o i d .  

From t h e  angu la r  r e l a t i o n s h i p s  i n d i c a t e d  i n  f i g u r e  VI-6, d i s p l a c i n g  t h e  

source  i n  t h i s  manner w i l l  a l s o  tend t o  i n c r e a s e  t h e  i n t e n s i t y  o f  t h e  

r a d i a n t  f l u x  i n  t h e  v i c i n i t y  o f  t he  o p t i c  a x i s .  

a l s o  i n d i c a t e  t h a t ,  i f  t h e  i n t e r f o c a l  d i s t a n c e  i s  ma in ta ined ,  t hen  as t h e  

l e n g t h  of t h e  semi-minor a x i s  b o f  t h e  e l l i p s o i d  i s  reduced f rom 1.0 u n i t  

( t h u s  i n c r e a s i n g  t h e  e c c e n t r i c i t y  o f  t h e  e l l i p s o i d ) ,  t h e  i n t e n s i t y  of t h e  
r a d i a n t  f l i i x  i:: t he  v i c i n i t y  o f  t h e  o p t i c  a x i s  w i l l  i nc rease .  

RST) can be approx imated by d i s p l a c i n g  t h e  

These angu la r  r e a l t i o n s h i p s  

To c l a r i f y  t h e  r e l a t i o n s h i p  between t h e  source i n t e n s i t y  d i s t r i b u t i o n ,  

the i n t e n s i t y  d i s t r i b u t i o n  o f  t he  f l u x  r e f l e c t e d  f rom an e l l i p s o i d ,  and 

t h e  geomet r i ca l  parameters o f  t he  e l l i p s o i d ,  c o n s i d e r  t h e  case wiiei-5 a 
source  o f  i n t e n s i t y  I’ i n  a d i r e c t i o n  C$ i s  l o c a t e d  a t  t h e  p r imary  focus 

of an e l l i p s o i d a l  r e f l e c t o r .  The geometry o f  an e l l i p s o i d  i s  such t h a t  

C O S  y - G 
1 - G COS Y cos C$ = 

V I - 1 3  

(VI-25) 



where 

G =  2e (VI-26) 
1 i- e 2  

where e i s  the eccent r ic i ty  of the e l l i p s o i d ,  a n d  where y i s  the angle 
between the reflected ray and  the opt ic  axis .  
(VI -25) yi el  ds 

Different ia t ing equation 

(VI -27) sin $ d $  - 1 - G 2  - 
(1 - G COS y)’ = s i n  y dy 

Substi tution of equation (VI-27) in to  equation (VI-15) yie lds  an expression 
which r e l a t e s  the in tens i ty  
in the direct ion $ t o  the in tens i ty  I of the radiant  f lux ref lected 
from the e l l ipso id .  

I’ of the radiant f lux emitted by the source 

This expression i s  

(VI -28) A m -  I’ (1 - G cos y)2 - -  

1 - G2 I 
c 

where Am 

source. I f  i t  i s  now required t h a t  the in tens i ty  I of the ref lected 
radiant f lux be proportional t o  the cosine of the angle y between the 
ref lected ray and the opt ic  a.xis, see equation (4-57), then from equation 

i s  the albedo of the re f lec t ing  surface f o r  the spectrum of the 

(VI-28) 

This equation i s  

(V 1-29) 

VI-14 



From equation (VI-25) 

cos 9 + G 
1 + G cos 9 cos y = (VI -30) 

which, when subst i tuted in to  equation (VI-29), yields  an expression which 
defines the relat ionship required,  between the source in tens i ty  i n  a 
d i rect ion 9 and the e l l ipso id  geometrical parameter G , in order f o r  the 

I’ 

in tens i ty  I o f  the ref 
This equation i s  

1 ’ =  (;) [ 

ected radiant f lux t o  be proportional t o  cos y. 

1 1 - G 2 )  ( G  + COS 4 )  
(1 + G cos 9 ) 3  

(VI-31) 

Thus, using equation (VI-31), i t  i s  possible t o  define an e l l ipso ida l  
r e f l ec to r  (or a r e f l ec to r  consistlng o f  concentric zones of several e l l i p -  
soids .r each el  l ipsoid having the same interfocal  dis tance)  which , when used 
with a given source, will provide radiant f lux whose in tens i ty  I i s  
approximately proportional t o  cos y . 

VI-15 


